
Perspective

Current and Novel Approaches to the Drug Treatment of Schizophrenia

Michael Rowley,*,† Linda J. Bristow,‡ and Peter H. Hutson*

Merck Sharp and Dohme, The Neuroscience Research Centre, Terlings Park, Eastwick Road, Harlow, Essex CM20 2QR, U.K.

Received June 7, 2000

1. Incidence and Clinical Characteristics
Schizophrenia is a devastating psychiatric illness that

affects approximately 1% of the world population ir-
respective of ethnic, economical, or cultural bound-
aries: features that suggest the disorder has no simple,
single causative factor. With current drug therapy,
approximately 25% of patients recover to some extent
within 5 years of starting treatment and about 65% of
patients have recurring problems over many years. The
remaining 10-15% of patients develop long-term inca-
pacity and around 15% commit suicide. There are
substantial costs, both direct and indirect, incurred by
this disorder including those of drug treatment, resi-
dential accommodation, physician and other healthcare
services, and loss of productivity in the workplace.
Clinical symptoms are apparent relatively early in life,
generally occurring between the ages of 15 and 45. They
are characterized by the presence of positive symptoms,
for example auditory hallucinations, disorganized
thoughts, delusions, and irrational fears, and negative
symptoms, including social withdrawal, diminished
affect, poverty of speech, lack of energy, and the inability
to experience pleasure. In addition, schizophrenic pa-
tients may suffer cognitive deficits including impaired
attention, verbal fluency, memory recall, and executive
function.

2. Aetiology
The aetiology of the disorder is unknown: subtle

structural changes are present in some brain regions

although the consistency of these findings between
studies is not particularly good (for an extensive, critical
review of the neuropathology of schizophrenia see ref
1). Probably the most reliable findings are the small
(6%) reduction of brain weight and somewhat variable
increase of ventricular volume, although the latter also
occurs in other neuropsychiatric disorders and therefore
is not considered diagnostic. More recent studies using
magnetic resonance imaging (MRI) techniques have
confirmed the ventricular enlargement and additionally
shown a decrease in the volume of specific brain regions.
These include the thalamus2 and temporal lobe struc-
tures including the hippocampal formation,3 amygdala,
and parahippocampal gyrus.4 Similarly, positron emis-
sion tomography (PET) and functional MRI studies have
demonstrated that not only are these regions physically
affected, they are also implicated in some of the symp-
toms of the disorder. Thus, specific neuronal circuits or
pathways involving the thalamus, caudate-putamen,
anterior cingulate, limbic and primary auditory cortex,
hippocampus, and parahippocampal gyrus are activated
in schizophrenics during auditory hallucinations.5,6 Cy-
toarchitectural changes including an alteration in the
number, size, or orientation of neurones in several brain
regions including the hippocampal formation, thalamus,
and entorhinal cortex have been reported, but such
findings are inconsistent.1 At present it is not known
how or why these structural changes occur. However,
as there is little evidence of glial cell proliferation or
associated glial cell proteins, and as the structural
changes appear not to be progressive, degenerative
mechanisms are not thought to be involved.

Familial studies have shown that the risk of develop-
ing schizophrenia is greater in family members than in
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the general population, with the risk being highest in
the monozygotic twin of an affected individual. However,
a number of monozygotic twin studies also show that
the concordance rate for schizophrenia is only ap-
proximately 48%, even though twins share 100% of their
genes.7,8 These findings suggest that while there is a
strong genetic component to schizophrenia, nongenetic
factors, for example environmental, seasonal, socioeco-
nomic, obstetric complications, or viral infection, also
play an important role. However, the identification of
a single common environmental factor or any genes or
loci increasing susceptibility to schizophrenia remains
illusive.9

Genetic anticipation (earlier age-at-onset with in-
creased severity of the disease in subsequent genera-
tions) is observed in some neurodegenerative disorders,
including Huntington’s disease and spinocerebellar
ataxia, that are associated with expansions encoded by
CAG repeats. The severity of such disorders is related
to the size of the triplet expansion, which forms ex-
panded polyglutamine containing proteins that ag-
gregate, leading to cell death. The increased risk of
schizophrenia in relatives is consistent with genetic
anticipation, and it has been suggested that triplet
repeat expansions may be involved in the neuropathol-
ogy of schizophrenia. However, CAG repeat expansions
or expanded polyglutamine containing proteins have not
been consistently detected in schizophrenics, suggesting
either that this mechanism does not contribute to the
aetiology of schizophrenia or there is an involvement
in only a small population of patients.10-12 Apoptotic cell
death mechanisms involved in nonnecrotic neuronal loss
appear not to have been extensively studied in schizo-
phrenic brain tissue. However, preclinical studies have
observed apoptotic cell death in brain tissue following
blockade of NMDA receptors in foetal and in adult
rats.13-15 These latter findings may be of some relevance
if CNS glutamate hypofunction is involved in the
aetiology of schizophrenia (see section 3c).

In summary, it is generally thought that schizophre-
nia is a disorder of developmental maturation rather
than neurodegeneration. Structural changes, probably
precipitated during pre- or peri-natal life by a conver-
gence of genetic and external factors preferentially, but
not exclusively, affect the medial temporal lobe. This
brain region is crucially involved in the processing and
integration of information from the association cortex,
and its dysfunction could be related to some of the
observed clinical symptoms which are generally not
apparent until early adolescence.

3. Neurochemical Hypotheses of Schizophrenia

One of the principal difficulties in the development
of antipsychotic medication is the fundamental lack of
understanding regarding the underlying cause and
nature of the disorder. Consequently it is difficult, if not
impossible, to design treatment either palliative or
restorative on a rational basis. Therefore, in order to
facilitate antipsychotic drug development, several neu-
rochemical hypotheses have been developed based on
evidence acquired from many sources including bio-
chemical, pharmacological, imaging, electrophysiologi-
cal, and behavioral studies. While the following is not
an exhaustive list of such hypotheses, the examples

described serve first to illustrate how they have been
used to drive the development of antipsychotic drug
treatment and second their relative inadequacy.

a. Dopamine. The discovery that chlorpromazine (1)
and haloperidol (2), known to be clinically efficacious
in the treatment of schizophrenia, increased dopamine
turnover in rodent brain16 and possessed high affinity
for dopamine D2 receptors,17 suggested that schizophre-
nia is a disorder of increased dopamine function. This
was further substantiated by the observation that
repeated administration of amphetamine (3) in humans

induced paranoid psychosis, with symptoms similar to
those observed in some schizophrenic patients. In
rodents, amphetamine potently releases both dopamine
and noradrenaline in brain and induces catecholamine-
dependent behavioral effects (see section 4). These
results are consistent with the idea that increased
dopamine function contributes toward the psychotomi-
metic effects of amphetamine. Despite these observa-
tions, there has been little direct evidence from neuro-
chemical post-mortem studies to substantiate an ab-
normality of central dopamine neuronal function in
nonmedicated schizophrenic patients. However, recent
clinical studies in nonmedicated schizophrenic patients
showed that acute administration of amphetamine
significantly decreased the striatal binding potential of
the dopamine D2/3 single photon emission computerized
tomography (SPECT) ligand [123I](S)-(-)-3-iodo-2-hy-
droxy-6-methoxy-N-[(1-ethyl-2-pyrrolidinyl)methyl]ben-
zamide ([123I]IBZM, 4) to a greater extent than control
subjects, suggesting a more pronounced amphetamine
induced increase of dopamine release in schizophren-
ics.18 Nevertheless, for several reasons including the
finding that clozapine (5) is an effective antipsychotic
drug and yet is a weak dopamine D2 receptor antagonist
at therapeutic doses, it is now clear that the dopamine
hypothesis per se, while important as a driving force in
the development of antipsychotic treatment, is not
sufficient to fully explain such a complex disorder.
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b. Serotonin. The observation that several serotonin
receptor agonists, including mescaline (6), bufotenin (7),
and lysergic acid diethylamide (8, LSD), produce hal-
lucinations in humans led to the suggestion that sero-
tonin might be involved in the aetiology of schizophre-
nia.19 Furthermore, while early post-mortem studies

failed to reveal any major differences in serotonin
metabolism, more recent reports have found changes in
5-HT receptors, in particular 5-HT2 receptors, in the
cortex of schizophrenic subjects.20,21 It was also recog-
nized that the atypical antipsychotic clozapine exhibits
high affinity for 5-HT2 receptors and, in contrast to most
antipsychotic drugs, has improved efficacy despite
showing low (approximately 40%) dopamine D2 receptor
occupancy at clinically relevant doses. The fact that
5-HT2 receptors are extensively (85-95%) occupied at
comparable doses of clozapine22 led to the suggestion
that preferential blockade of 5-HT2 versus D2 receptors
may contribute toward its unique clinical profile. How-
ever, as chlorpromazine has equally high affinity for
5-HT2 and D2 receptors but does not display an atypical
antipsychotic profile,23 it has been suggested that the
ratio of 5-HT2/D2 rather than the absolute affinity for
D2 and 5-HT2 receptors may be important for defining
an atypical antipsychotic profile.24 Indeed, a number of
the newer atypical antipsychotics including risperidone
(9) and olanzapine (10) demonstrate this particular
receptor profile in vitro (see Table 1) and differential
5-HT2/D2 receptor occupancy in vivo.22,25-29 The concept

that 5-HT2 receptor blockade may contribute toward the
therapeutic efficacy of clozapine has therefore led to

renewed interest in the relevance of 5-HT systems in
schizophrenia. The question remains as to whether high
affinity for 5-HT2 receptors per se is sufficient for
antipsychotic activity, and this has been recently ad-
dressed following the development of the highly selective
5-HT2 receptor antagonists M 100907 (11) and fan-
anserin (12) (see section 6b).

c. Glutamate. The glutamate hypothesis of schizo-
phrenia suggests that hypofunction of glutamate neu-
rons in the CNS is associated with the pathophysiology
of schizophrenia and has been the subject of recent
reviews.30-32 This hypothesis was initially based on the
finding that cerebrospinal fluid (CSF) glutamate con-
centration is reduced in schizophrenia,33 an observation
that has recently been confirmed and extended to show
that CSF glutamate concentration correlates inversely
with positive symptom severity.34 Further supportive
evidence is provided from post-mortem studies of
glutamate receptors, in particular N-methyl-D-aspartate
(NMDA) receptor density, which, possibly as a conse-
quence of reduced glutamate release,35 is increased in
various brain regions.36-38 The most compelling evi-
dence is based on the qualitative similarity of schizo-
phrenia-like symptoms in normal volunteers, and the
exacerbation of these symptoms in schizophrenics,
observed following the administration of the noncom-
petitive NMDA receptor antagonists ketamine (13) or
phencyclidine (14, PCP).39,40 While such clinical studies
have focused attention on the NMDA receptor, a role
for other components of the excitatory amino acid
system in schizophrenia remain to be determined.

4. Animal Models for Detecting Novel
Antipsychotic Drugs

The animal models described in this section are not
intended to provide an exhaustive account of those

Table 1. Atypical Antipsychotics: Human Receptor Binding Profile (Affinity Ki, nM)a

clozapine risperidone olanzapine quetiapine zotepineb ziprasidone

D1 53 21 10 390 29 9.5
D2 190 0.44 2.1 69 11 2.8
D3

b 280 14 49 340 6.4 10
D4

b 40 16 28 1600 39 39
5-HT1A 710 21 7100 830 330 37
5-HT2A 4.0 0.39 1.9 82 2.7 0.25
5-HT2C 5.0 6.4 2.8 1500 0.55
R1 3.7 0.69 7.3 4.5 1.9
R2 51 1.8 140 1100 180 390
M1 0.98 >5000 2.1 56 >10000
H1 17 88 5.6 21 0.62 510

a Values taken from Arnt et al.118 b Values from Schotte et al.119
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available to identify novel antipsychotic drugs. Rather,
selective tests have been chosen which are either
commonly used to screen novel compounds or which are
of particular interest in that they attempt to model
neuropathological and/or neurodevelopmental aspects
of the disease and therefore might improve understand-
ing of the disease process.

a. Positive and Negative Symptoms. Given that
amphetamine induces effects in humans reminiscent of
the positive symptoms seen in schizophrenic patients,
it is perhaps not surprising that amphetamine is used
preclinically to screen for novel antipsychotic drugs. One
of the most obvious behavioral consequences of amphet-
amine treatment in rodents is a marked stimulation of
locomotor activity which is thought to result from an
increase in dopamine release in the nucleus accum-
bens.41 Given that overactivity in dopaminergic function
has been implicated in schizophrenia and that D2
receptor antagonists are clinically efficacious against the
positive symptoms of schizophrenia, blockade of am-
phetamine hyperactivity is widely used to screen novel
drugs. Numerous studies have shown that D2 receptor
antagonists (for example haloperidol), D2/5HT2 receptor
antagonists (for example risperidone), the atypical an-
tipsychotic clozapine, and newer agents such as olan-
zapine inhibit this response.42-44

More recently, attention has shifted toward using the
noncompetitive NMDA receptor antagonist PCP, since
PCP administration in human volunteers produces
effects similar to both the positive and negative symp-
toms of schizophrenia. In animals, PCP also stimulates
locomotor activity, and again this response is blocked
by a wide range of established antipsychotics.45,46

Interestingly, however, PCP treatment has been shown
to decrease social interaction in the rat, and it has been
argued that this response may represent an animal
model of the negative symptoms of PCP psychosis/
schizophrenia in humans.47 Thus, chronic treatment
with clozapine, but not haloperidol, significantly reduced
this response, consistent with clinical observations that
clozapine is uniquely efficacious against negative symp-
toms in patients.48 However, recent studies have ques-
tioned the predictive validity of the model since a partial
reversal of PCP-induced deficits in social interaction
were observed with clozapine, remoxipride (15), and
sertindole (16) while haloperidol, risperidone, and olan-

zapine were ineffective.49 Some of these latter agents
are reported to improve negative symptoms in humans
although it has been argued that clinical trials may not
adequately distinguish improvements in primary nega-
tive symptoms from improvements reflecting the re-
duced extrapyramidal symptom (EPS) liability of newer
agents. Chronic PCP administration has also been

reported to increase immobility in the mouse Porsolt
swim test,50,51 a well-established behavioral response
which, in non-PCP treated mice, is reduced by antide-
pressant drugs. While antipsychotics have negligible
effects on immobility per se, pretreatment with risperi-
done, clozapine, or the 5-HT2A/2C receptor antagonists
mianserin (17) and ritanserin (18) attenuated the
increase in immobility induced by PCP. In contrast,
haloperidol had no effect, suggesting that PCP enhanced
immobility may be a model of negative symptoms and
that 5-HT2 receptor antagonists may be efficacious in
treating negative symptoms in schizophrenic patients.

Consistent with the well-characterized behavioral
effects of PCP, mutant mice with reduced NMDA
receptor expression (5-10% of normal) have also been
reported to show increased locomotor activity, increased
stereotyped behavior, and a decrease in social interac-
tion.52 Furthermore, while administration of either PCP
or MK-801 (19, a more selective noncompetitive NMDA
receptor antagonist) did not enhance locomotor or
stereotyped responses in mutant mice, wild-type mice
showed a marked increase in both behaviors to a level
similar to that seen in untreated mutant animals.
Consistent with the effects seen in pharmacological

studies, treatment with haloperidol or clozapine dose
dependently and significantly attenuated the hyperac-
tivity seen in NMDA receptor knock down mice, and in
the case of clozapine, this occurred at doses some 40
times lower than those reducing spontaneous locomotor
activity in wild-type mice. NMDA receptor mutant mice
also showed reduced social investigation in a resident
intruder paradigm which was attenuated following
clozapine treatment. Clearly these animals are of inter-
est, and further examination of their behavioral phe-
notype and the effects of established antipsychotics will
establish their value over and above the pharmacologi-
cal approaches commonly used for identifying novel
treatments.

In addition to the locomotor enhancing effects of PCP
and amphetamine, considerable attention has focused
on the ability of these agents to disrupt prepulse
inhibition. Essentially, prepulse inhibition is a model
of sensorimotor gating which can be assessed in both
animals and humans using the startle reflex response;
when a fixed startle eliciting stimulus (i.e., the pulse)
is preceded by 30-500 ms by a weak, nonstartle eliciting
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stimulus (i.e., the prepulse), the magnitude of the startle
response is significantly reduced compared to that
recorded to the pulse alone.53 Prepulse inhibition occurs
whether the prepulse or pulse are of the same or
different modalities (e.g., tones and/or air puffs), is
present on the first exposure (i.e., is not a form of
conditioning) and does not habituate over successive
trials, and is thought to represent preattentive filtering
mechanisms. Deficits in prepulse inhibition are also
apparent in schizophrenic patients, which may relate
to their inability to adequately inhibit (or “gate”) ir-
relevant sensory information which results in sensory
“flooding” and cognitive fragmentation. In animals,
prepulse inhibition is disrupted by both amphetamine54

and by directly acting D2 receptor agonists (for example
quinpirole (20)55 and apomorphine (21)56) and by PCP;57

however, while D2 receptor antagonists can reverse the
deficits induced by amphetamine and apomorphine,58

these compounds do not reverse the effects of PCP.59 In
contrast, the atypical neuroleptic clozapine,60 and the
newer agents olanzapine61 and quetiapine (22),62 are
effective at reducing PCP-induced deficits in prepulse
inhibition, suggesting that this paradigm is a useful
screen for “atypical” antipsychotics. Prepulse inhibition
is also impaired in rats reared in social isolation
following weaning,63 an effect which may result from
enhanced dopaminergic activity.64 Again, this deficit is
attenuated by treatment with quetiapine, olanzapine,
haloperidol, clozapine, and risperidone, suggesting the
model is able to detect a wide range of different
antipsychotic drugs.65,66

A third model commonly used to predict antipsychotic
efficacy is inhibition of conditioned avoidance respond-
ing. There are several variations of this test, but
generally testing is carried out in shuttle boxes which
are divided into two equal compartments connected via
an open doorway. Each compartment is equipped with
a light source which signals the impending delivery of
a mild footshock; animals are trained to avoid shocks
by crossing into the opposite chamber during light
presentation (i.e., the conditioning stimulus) which
prevents shock delivery. Thereafter crossing after initia-
tion of the shock terminates shock delivery and is
recorded as an escape response. In animals trained to
perform this task, treatment with antipsychotic drugs
reduces conditioned avoidance responses without im-
pairing the animals ability to escape, whereas other

psychoactive agents, for example antidepressants, re-
duce both avoidance and escape responses.67 A wide
range of antipsychotic drugs are effective in this test
including D2 receptor antagonists,68 clozapine,69 risperi-
done,70 and newer drugs such as olanzapine71and ziprasi-
done (23).72

b. Side Effect Liabilities. As described below, one
of the major problems associated with chronic treatment
with D2 receptor antagonists is the onset of EPS. These
are thought to result from blockade of striatal D2
receptors which, in rodents, produces a cataleptic be-
havioral response. This is typically assessed by placing
the animal in an abnormal posture such as placing the
animal’s forepaws over a circular metal bar raised above
the bench surface and recording how long the animal
will hold this abnormal position. Vehicle-treated ani-
mals will immediately normalize their posture while
animals treated with D2 receptor antagonists will
maintain the position for several minutes. In contrast,
the atypical antipsychotic, clozapine, fails to produce
catalepsy,73 and some of the newer agents, for example
olanzapine, appear to exhibit a window between doses
effective in assays predictive of antipsychotic potential
and those required to induce a measurable cataleptic
response.71 A second approach commonly used to de-
termine the extent of blockade of striatal dopaminergic
function is to establish whether novel agents will block
the induction of stereotyped behavior induced by dopam-
ine receptor agonists such as apomorphine. This re-
sponse consists of repetitive sniffing, licking, and biting
and is known to result from activation of striatal
dopamine receptors.74-76 Again D2 receptor antagonists
will inhibit this response whereas the atypical anti-
psychotic, clozapine, has negligible effects,77 consistent
with the clinical observation that clozapine has reduced
EPS liability.

A second side effect liability which can easily be
detected in preclinical studies is the likelihood of induc-
ing sedation. In animals this is usually assessed in tests
of motor activity such as placing animals in a novel
environment, for example photocell activity cages.77

Initially exploratory activity is high but animals pre-
treated with sedatives will show less exploratory be-
havior when they are first placed in cage. It is important
to ensure that an adequate pretreatment time has been
allowed so that good plasma/brain drug levels are
achieved prior to testing the animal, since maximum
effects on motor activity are only detected in ap-
proximately the first 10 min, after which activity
declines as animals habituate to their environment. A
second approach is to examine effects on a rotarod
apparatus which may be revolving at a fixed speed, for
example 15 revolutions per minute, or may accelerate
as the test progresses.77 Again, drugs producing seda-
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tion or impairment of motor coordination will signifi-
cantly reduce performance in this test. Finally, it is well
established that D2 receptor antagonists will stimulate
prolactin secretion both in humans and rodents,78 and
the effects of novel agents are usually examined in
rodents prior to clinical assessment.

c. Neurodevelopmental/Degeneration Models.
While many studies examining the antipsychotic po-
tential of novel drugs rely on the use of PCP and
amphetamine, it is clear that this approach makes no
attempt to model either the neuropathology or devel-
opmental aspects of the disease. There are, however,
models described in the literature which attempt to
address some of these issues although such assays do
not appear to be routinely used within the pharmaceuti-
cal industry. One such model is the neonatal excitotoxic
hippocampal lesion.79 Essentially, 7 day old (postnatal
day 7 (PD7)) rat pups are anesthetized and stereotaxi-
cally injected with either vehicle or ibotenic acid into
the ventral hippocampal formation and then returned
to their mothers until weaning (PD25). When the brains
from mature animals are examined, this procedure is
shown to produce neuronal loss, atrophy, neuroglial
proliferation, and some cavitation in the ventral hip-
pocampus (CA1, CA3, dentate gyrus, subiculum) while
sparing the dorsal hippocampus. Cell loss appears to
be predominantly restricted to the ventral hippocampus
although slight damage to adjacent thalamic areas,
amygdaloid nuclei, and to the perirhinal and entorhinal
cortex has occasionally been observed.80 Behavioral
testing is carried out either prepuberty (PD35) or
postpuberty (PD56), and at PD56 lesioned animals are
reported to show increased spontaneous exploration and
increased amphetamine-induced hyperactivity. What is
more, lesioned rats show a significant increase in
locomotor activity following swim stress, suggesting that
these animals are hyper-responsive to stressors. Sub-
sequent studies have also demonstrated that neonatally
hippocampal lesioned rats show deficits in prepulse
inhibition,81 reduced social interaction,82 and impaired
performance on the radial arm maze83 (a hippocampal-
dependent spacial working memory task) although only
the deficit in prepulse inhibition appears to emerge
postpuberty. In vivo microdialysis studies84 clearly show
that the exaggerated locomotor response to amphet-
amine does not result from an increase in amphetamine-
induced dopamine release in the nucleus accumbens.
Together with the fact that direct acting dopamine
receptor agonists (for example quinpirole) also enhance
locomotor responses in lesioned rats,80 this suggests that
postsynaptic D2-like receptor supersensitivity occurs.
Interestingly, potassium stimulated [3H]-D-aspartate
release was significantly reduced in hippocampal and
frontal cortical slices from mature rats receiving neo-
natal hippocampal lesions, suggesting that, in addition
to a hyperactive dopamine system, these animals exhibit
glutamate hypofunction.85 Indeed, a significant increase
in specific [3H]glutamate binding was reported in frontal
cortex, suggesting a compensatory increase in glutamate
receptor number. Clearly the behavioral effects observed
following neonatal hippocampal lesions, the fact that a
number of these emerge post puberty, and the restric-
tion of cell loss to the ventral hippocampus (although it

should be noted that this is substantial compared to the
subtle abnormalities observed in schizophrenic patients)
make this model attractive. The key question is whether
any of these behavioral effects can be attenuated fol-
lowing antipsychotic drug administration. Limited stud-
ies to date have shown that chronic treatment with
either clozapine or haloperidol attenuates the spontane-
ous hyperlocomotion seen when lesioned rats are placed
in a novel environment, although both compounds are
sedative per se and, at least in the case of haloperidol,
reduced motor responses were also recorded in the sham
lesioned rats.86 Also, the deficits in social interaction
observed in lesioned rats, a response thought to model
components of the negative symptoms of schizophrenia,
were actually worsened in clozapine-treated lesioned
animals,82 in contrast to the beneficial effects on nega-
tive symptoms seen in the clinic. In our own studies87

we have focused on the deficits in prepulse inhibition
which emerge postpuberty and are not seen when adult
rats are lesioned in the ventral hippocampus. We have
systematically examined a wide range of typical, atypi-
cal, and putative antipsychotic agents and have failed
to observe any effect on prepulse inhibition following
acute drug administration. Clearly the effects of chronic
treatment should be considered, but to date the ability
of any antipsychotic drug to convincingly attenuate
behaviors in neonatally lesioned rats has yet to be
demonstrated.

An interesting alternative approach, which also at-
tempts to model the neuropathology seen in the brains
of schizophrenic patients, is a kainic acid lesion per-
formed in adult rats.88 When administered into the
cerebroventricles, CA3 and CA4 hippocampal neurons
appear to be selectively vulnerable to the neurotoxic
effects of kainic acid, most likely because large numbers
of kainate receptors are found in this region. Neuronal
regrowth also occurs, and redundant cell connections
may develop in the dentate and CA1 hippocampal areas
within days of kainic acid infusion. Thus this approach
may be relevant to schizophrenia in that both show
moderate levels of cell loss in CA3/CA4 areas, aberrant
reinnervation and/or axonal disarray is a feature of the
pathology of both, and a reduction in hippocampal
kainate receptors has been reported in post-mortem
studies of schizophrenic brains.89 In rats, increased
behavioral sensitivity to stress and dopamine receptor
agonists has been reported90 which may relate to an
increase in dopamine D2 receptors reported in the
nucleus accumbens.91 Again limited studies have at-
tempted to examine the effects of established antipsy-
chotic drugs, although the ability of haloperidol, but not
clozapine, to block dopamine receptor agonist-induced
hyperlocomotion is impaired in kainic acid lesioned
rats,92 suggesting that the model may mirror aspects
of the treatment-resistant effects seen in some schizo-
phrenic patients treated with classical neuroleptics.

A model which attempts to mimic some of the neu-
rodevelopmental aspects of schizophrenia involves treat-
ing pregnant rats with the alkylating agent methyl-
azoxymethanol (24, MAM) which, in embryos, kills
mitotically active cells through methylation of nucleic
acids.93 When administered at embryonic day 15 (E15),
adult animals show marked microencephaly with a 40-
50% reduction in weight of the cortex, striatum, and
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hippocampus,94 and these animals show deficits in

learning and memory tests, increased sensitivity to
convulsive agents,95 and increased locomotor activity.96

Clearly, such gross pathology is not observed in schizo-
phrenia, and more recent studies have attempted to
produce more subtle anatomical changes following MAM
treatment.97 These have focused on producing localized
damage within the entorhinal cortex which is involved
in processing multimodal, associative information and
channeling it to the hippocampus and which shows
subtle anatomical changes (reductions in cell number,
volume, and/or neuronal disorganization) in schizophre-
nia. Given that MAM is short acting and is only effective
in cells actively proliferating, it has been administered
at E9 to E12, when the entorhinal cortex is developing
but which should avoid the gross microenchephaly
produced at E15. Consistent with these proposals, adult
brain weights were normal in animals treated at E9 to
E11 or were only slightly (6%), but significantly, reduced
in animals treated at E12. At E9 to E11 the morpho-
logical consequences in the adult rat brain were largely
restricted to the entorhinal cortex, although slight
effects were observed in the frontal and occipital cortex
and these included cortical thinning and disorganized
cortical layering. More widespread changes were noted
in animals treated at E12, including abnormalities in
the caudal hippocampus and amygdalohippocampal
area. To date only limited information is available
concerning the behavioral phenotype of these rats,
although adult animals exposed to MAM at E9 to 12
appear normal in tests of social interaction, open field,
and novel object exploration.98 In contrast, E11 and E12
MAM treated rats show retardation in passive avoid-
ance acquisition although the latter also exhibit reduced
pain sensitivity which may influence detection of mild
electric footshocks.98 Whether these animals show defi-
cits in prepulse inhibition or are hyper-responsive to
stressors or psychostimulants remains to be addressed
and the utility of this approach for examining antipsy-
chotic drugs unknown.

d. Transgenic Mice. A number of transgenic mice
have now been generated which show anatomical and/
or behavioral characteristics, for example impaired
prepulse inhibition, reminiscent of those seen in schizo-
phrenic patients. While it should be stressed that it is
currently unclear whether established antipsychotic
drugs can modify any of these behavioral effects, the
hope is that these animals will assist in further under-
standing the aetiology of the disease and in the identi-
fication of better therapeutic agents. One of the first
such animals to be described was the Dvl1 mutant
mouse99 which is deficient in one of the three mouse
homologues of the Drosophila segment polarity gene,
Dishevelled. While the function of these genes is un-
known, in Drosophila, Dishevelled is involved in the
wingless/Wnt pathway which is a highly conserved
developmental pathway involved in cell fate determi-

nation in virtually all eukaryotic organisms. Dvl1
deficient mice are viable, fertile, and do not show any
major structural abnormalities of the brain. However,
they do exhibit a distinct behavioral phenotype: mutant
mice show marked decreases in social interaction as
evidenced by decreased nest building, reduced social
contact during sleep, reduced whisker trimming of
littermates, subordinate responses in a social dominance
test, and a deficit in prepulse inhibition of the acoustic
startle response. In contrast, motor performance, pain
sensitivity, and cognitive function (assessed using the
Morris water maze) are similar to wild-type mice. Given
that sensorimotor deficits and social isolation are often
seen in schizophrenic patients (and also in schizotypal
personality disorder, Tourettes syndrome, and obsessive
compulsive disorder) these animals may provide a useful
animal model to study factors/therapies influencing
these disorders.

Two additional mutant mice may also be of interest
because their behavioral phenotype is associated with
morphological changes in discrete brain regions. NCAM-
180 knockout mice are reported to show increased
lateral ventrical size and deficits in prepulse inhibition,
differences similar to those seen in schizophrenic pa-
tients.100 NCAM (neural cell adhesion molecule) is a cell
surface receptor belonging to the immunoglobulin su-
perfamily and plays an important role in neuronal
migration, neuronal connectivity, and the stabilization
of cell contacts and synapses. While encoded by a single
gene, the protein is expressed in a number of polypep-
tide variants following alternative splicing and also
undergoes posttranslational modifications leading to the
addition of several R-2,8 sialic acid residues on its
extracellular domains. Polysialic acid rich NCAM (PSA-
NCAM) can enhance the neurite growth promoting
activity of NCAM, and a marked reduction in PSA-
NCAM levels in hippocampus has been reported in
schizophrenic brain. While the findings in NCAM-180
mutant mice are clearly of interest, it should be noted
that the main anatomical differences are seen in the
olfactory bulbs,101 where decreased bulb size is associ-
ated with a marked reduction in the number of granule
cells and disturbed cell organization. In addition, in
adult mutant mice, reductions in the NCAM-140 isoform
were also apparent, indicating that the mutation may
not be specific for NCAM-180. The second mouse of
interest is the heterozygous reeler mouse which carries
a single mutant allele for the reeler gene which normally
encodes a protein, reelin.102 Reelin is crucially involved
in embryonic corticogenesis by guiding migration and
positioning of neurons. Homozygous mice, which com-
pletely lack the expression of reelin, show gross abnor-
malities in neuronal organization in the cortex, hippo-
campus, cerebellum, and olfactory bulbs.103,104 These
animals also show impaired motor coordination, tremor,
and ataxia which emerge on postnatal day 14 and
persist into adulthood. In contrast, heterozygous rl -/+
mice show about a 50% decrease in brain levels of reelin
mRNA and protein and are indistinguishable from wild-
type mice in terms of motor behavior. More importantly,
these mice appear to show more subtle defects in
neuronal organization in the medial prefrontal cortex
and cingulate gyrus whereas other brain regions, in-
cluding cerebellum, are apparently normal. These ani-
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mals also exhibit age-dependent deficits in prepulse
inhibition (significant at ages of 55 days and older) and
augmented anxiety-like behaviors on the elevated plus
maze. They are clearly of great interest given that
reduced levels of reelin have been reported in post-
mortem schizophrenic brain (prefrontal cortex and
temporal cortex, hippocampus, caudate nucleus, and
cerebellum). Future studies confirming the subtle ana-
tomical defects and exploring the effects of established
antipsychotics will clearly be important in determining
whether these mice will ultimately be useful for iden-
tifying novel antipsychotic drugs.

5. Current Therapy

While it is apparent that dopamine D2 receptor
antagonists are effective in the management of psycho-
sis, such compounds, typified by chlorpromazine and
haloperidol, are mainly effective in the treatment of
positive symptoms and, significantly, have little impact
on negative symptoms or cognitive deficits. Further-
more, chronic treatment of patients with such com-
pounds may result in the onset of Parkinson’s disease-
like EPS, acute dystonia, and with repeated dosing, an
increasing risk of tardive dyskinesia that is potentially
irreversible. In addition, blockade of dopamine D2
receptors leads to an increase in prolactin secretion and
associated neuroendocrine disorders including gyneco-
mastia, amenorrhoea, and sexual dysfunction.105 Not
surprisingly, these mechanism-based side effects have
led to poor patient compliance and the need to find
improved treatments.

The experience with clozapine shows that it is possible
to make a drug that has a lower propensity to cause
EPS than classical neuroleptics,106 treat patients who
are unresponsive to other drugs,107-109 and possibly
have a beneficial effect on the cognitive deficits associ-
ated with schizophrenia,110 an often ignored aspect of
the disease. Generally, results on the efficacy of anti-
psychotics on negative and cognitive symptoms are
confounded by both antipsychotic induced EPS and
superimposed depressive syndromes. Claims for the
newer agents in this regard should therefore be viewed
cautiously. Nevertheless, clozapine is effective in ap-
proximately 30% of patients who are not successfully
treated with typical antipsychotics, i.e., treatment re-
sistant or refractory patients. Furthermore, the atypical
antipsychotics have a low propensity to induce EPS and
elevate prolactin secretion, making them more accept-
able for chronic administration. The decreased level of
EPS associated with clozapine and some of the newest
agents may account for why some patients appear
happier and more social while receiving these agents.
Unfortunately, clozapine’s clinical utility is limited by
its toxicity, producing agranulocytosis in a small pro-
portion of patients. As a consequence, haematological
monitoring of patients is essential and adds to treat-
ment costs. After clozapine there have appeared a
number of new atypical antipsychotics, including ris-
peridone,111 olanzapine,112 quetiapine,113 ziprasidone,114

zotepine115 (25), iloperidone116 (26), and sertindole.143

All are clinically efficacious with regard to positive
symptoms and most reduce the incidence of negative
symptoms although whether they will also be effective
in refractory patients remains to be seen.

6. Atypical Antipsychotics: Recent Approaches
The newer antipsychotics are clearly effective in

treating schizophrenic symptoms and have the added
advantage over clozapine that they do not induce
agranulocytosis. However, they do exhibit a variety of
other side effects,120-122 which are probably related to
their significant affinity for numerous other receptors
(Table 1). These include weight gain (5-HT2C receptor
blockade), postural hypotension, sedation and dizziness
(R1 adrenoceptor blockade), dry mouth (muscarinic M1
receptor blockade), and sedation (histamine H1 receptor
blockade). In addition, activity at the IKr channel, a
voltage gated potassium channel in the heart123 which
is involved in the control of heart rhythm, is a liability
that has resulted in the recent withdrawal of sertindole
because of increased risk of prolonging the QT interval
and thereby producing cardiac arrhythmias.124,125

Despite the introduction of new drugs during the past
decade, and the reintroduction into clinical usage of
clozapine, the need clearly remains for treatments that
are more efficacious and have fewer side effects than
those currently available. Unfortunately clozapine has
an extremely broad range of pharmacological activities,
and deciding which of these is relevant to its beneficial
effects is not, a priori, possible. One partially successful
approach to mimicking the properties of clozapine has
been to combine dopamine D2 receptor affinity with
affinity at another receptor. Many of the newer anti-
psychotics described above were designed using the
rationale described in reference 24 which proposes that
it is the ratio of 5-HT2/D2 receptor affinities that confers
atypicality. Another approach has been combination of
D2 receptor antagonism with 5HT1A receptor ago-
nism,126,127 and a compound with this profile, maza-
pertine (27),128 has been into clinical trials in humans,

where it was shown129 to cause postural hypotension,
probably as a result of its affinity at R1 adrenoceptors.
These two cases highlight an inherent problem with
targeting more than one receptor in a drug discovery
project. Because those two receptors have different
structure-activity relationships for binding (and ef-
ficacy), it becomes an extremely difficult problem to
exclusively target those receptors without building in
activity at other receptors, particularly when pharma-
cokinetic and brain penetration parameters also need
to be optimized. The outcome can be seen in the side
effect profiles of these drugs.
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Notwithstanding the promiscuous binding profile of
clozapine, a second approach, which has been the focus
of much of the drug discovery effort on schizophrenia
for the past decade, has been to target a single receptor
at which clozapine has high affinity. While conceptually
and practically more simple, this approach assumes that
activity at one receptor is sufficient to convey the clinical
properties of this agent. Two examples of this approach
over recent years have been the development of selective
dopamine D4 receptor antagonists and selective 5-HT2A
receptor antagonists.

a. Dopamine D4 Receptor Antagonists. While the
antipsychotic efficacy of typical neuroleptics has been
ascribed to dopamine D2 receptor blockade, it is now
clear that the D2 receptor is one of a family of G protein
coupled receptors that also includes the D3

130 and D4
131

receptor subtypes. Not only do these subtypes show high
sequence homology and coupling to inhibition of ade-
nylyl cyclase activity, they also exhibit similar phar-
macologies, and many existing antipsychotics have high/
modest affinity for all three receptor subtypes. This has
led to speculation regarding the contribution of each
subtype toward the side effect liability, to the clinical
efficacy of antipsychotic drugs, and to the development
of subtype selective agents. In particular, considerable
effort has been spent developing D4 receptor antagonists
following the observation that clozapine has an order
of magnitude higher affinity for cloned human (h) D4
receptors than hD2 receptors and therefore the sugges-
tion that D4 receptor antagonism might contribute
toward its unique clinical profile. Interest was further
fueled by studies comparing D2 and D4 receptor affinity
with plasma concentrations of antipsychotic drugs
showing that, at clinically relevant doses, clozapine
could preferentially occupy dopamine D4 receptors in the
brain132 (but note that the same argument could also
implicate 5-HT2A, 5-HT6, 5-HT7, R1 adrenoceptors, his-
tamine H1 receptors, and muscarinic receptors). Ad-
ditional evidence also suggested that D4-like receptors
were increased in the striatum of schizophrenic
brain,133-136 although these results have proved some-
what controversial and have not been replicated by
other groups.137,138 Furthermore, the indirect methods
used to identify D4-like receptors, based on the subtrac-
tion of [3H]-raclopride (28) binding (to D2 and D3
receptors) from [3H]-nemonapride (29) binding (to D2,
D3 and D4 receptors) are problematic, in that nem-
onapride binds to additional sites (5-HT1A, σ, and 5-HT2A
receptors)139-141 which may not have been adequately
masked and because selective D4 antagonists were not
available to confirm that this residual binding was
indeed to the D4 receptor. More recently, D4 receptors
have been visualized in human brain using the selective
D4 radiolabel [3H]-NGD-94-1 (30).142 These studies have
confirmed that the D4 receptor is present in low abun-
dance, with highest levels detected in the hippocampus
and entorhinal cortex and very low levels detected in
the striatum and nucleus accumbens. In contrast to
earlier work, [3H]-NGD-94-1 binding was not elevated
in the striatum from schizophrenic patients. Interest-
ingly, D4 receptor number in the CA1 area of the
hippocampus and entorhinal cortex was increased, and
this did not appear to be related to antipsychotic
medication. Thus, while present in low density, D4

receptors are located in cortical and limbic areas clas-
sically associated with schizophrenia, and blockade of
these receptors could contribute toward the clinical
efficacy of clozapine. In addition, selective D4 receptor
antagonists would not be expected to produce EPS and
hyperprolactinaemia which are thought to result from
dopamine D2 receptor blockade.

On the basis of this evidence, many pharmaceutical
companies launched major efforts aimed at discovering
high affinity, selective dopamine D4 receptor antago-
nists. Among the compounds which have been disclosed
to date is NGD-94-1 (30),143,144 a high affinity (Ki 3.6
nM), selective (>600-fold over D2) D4 receptor antagonist
synthesized by Neurogen which progressed into phase
1 clinical trials in humans. In addition, UpJohn has
identified the sulfonamide U-101,387 (sonepiprazole, 31;
D4 Ki 6.8 nM and 600-fold selective over D2 recep-
tors),145,146 and Parke-Davis developed PD-172938 (32;
D4 Ki 7.8 nM)147 and more recently the chromenone (33;
D4 Ki 5.8 nM and 500-fold selective over D2 receptors).148

High affinity D4 receptor antagonists have also been
disclosed by Servier (S 18126, 34; D4 Ki 2.4 nM and
>300-fold selective over D2)149 and Pfizer (CP-293019,
35;175 D4 Ki 3.4 nM and >970-fold selective over D2).150
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We focused on two lead series of compounds, both
derived from leads obtained by screening of the sample
collection. Using the topological similarity probe
method151 as implemented in our in house TOPOSIM
program,152 the Merck sample collection was screened
for compounds with affinity for dopamine receptors and
binding selectivity for D4 over D2 receptors. One of these
searches, based on the structure of haloperidol, provided
the pyrazole (36)153 with moderate affinity (Ki 61 nM)
and binding selectivity (4-fold) for D4 receptors over D2.
It was shown that homologation of the benzyl group to
phenethyl (37) gave a compound with higher affinity (Ki
5.5 nM) and now 100-fold D4/D2 selectivity. Changes to
the pyrazole led to the discovery of the isoxazole (38), a

D4 receptor antagonist (Ki 3.5 nM) with even higher
selectivity over D2 (>500-fold) and D3 (200-fold) recep-
tors and good rat pharmacokinetics (F 38%, t1/2 2 h).
Mindful, however, of the problems with binding to ion
channels often seen in neuroleptics, it was found154 that
38 had high affinity for sodium, calcium, and potassium
channels. This binding was found to be related to the
pKa of the basic nitrogen, with more basic compounds
having higher affinities. Introduction of a further ni-
trogen atom into the aliphatic heterocycle to reduce the
pKa, along with a conformational restriction to increase
affinity, led to the piperazinylbenzindazole (39) with a
similar dopamine receptor binding profile to 38 (D4 Ki
4.3 nM, selectivity over D2 >400, D3 >1000) but low
affinities at calcium and sodium channels (58 and 33%
inhibition of binding at 10 µM, respectively). Again this
compound had acceptable rat pharmacokinetics (F 31%
t1/2 1 h) although rhesus pharmacokinetics was poor (F
3%, t1/2 1 h). An alternative185 strategy to lowering the
pKa was to make the aromatic heterocycle more electron
withdrawing. This led to the imidazolidone (40) with
subnanomolar hD4 affinity, excellent selectivity over
other dopamine receptors (>2000-fold over hD2, >4000-
fold over hD3), and no significant ion channel activities.
Compound 40 had good rat pharmacokinetics (F 69%,
t1/2 1.1 h) and occupied central receptors after oral
dosing (for a discussion of this issue, see below).

The second TOPOSIM search of the Merck collection
was based on the nonselective dopamine receptor ago-
nist Pergolide (41), giving rise to the lead structure (42)

with modest (Ki 570 nM) D4 affinity and 10-fold selec-
tivity over D2.156 The compound (43) without the methyl
group on the piperidine did not bind to D4 receptors,
suggesting that increased lipophilicity at this point may
be beneficial. This, indeed, turned out to be the case,
with the phenylpiperidine (44) having 10-fold improved

affinity (D4 Ki 25 nM), although this compound had
reduced selectivity over D2 (4-fold) and high affinity at
sodium channels154 (100% displacement of [3H]-batra-
chotoxin binding to rat cortical membranes at 1 µM).
As for the other Merck series, introduction of an extra
nitrogen atom, to give piperazine (45) helped reduce this
problem, leading to a compound with increased D4
affinity (Ki 8 nM), selectivity (15-fold over D2), and an
IC50 > 10 µM at Na channels. A further improvement
of in vitro properties was found with the introduction
of a nitrogen atom at the 7-position of the indole (46)
(D4 Ki 1.9 nM, D2/D4 selectivity 160-fold), although this
compound had poor rat pharmacokinetics (Cmax 18 ng/
mL after 3 mg/kg p.o.). Introduction of 4-substituents
onto the benzene ring of the phenylpiperazine improved
the pharmacokinetics greatly, and the compound taken
for further development, L-745870 (47), had good bio-
availability in rats (F 66%) and rhesus (F 20%) and a
half-life of 2-3 h in both species.

L-745870 is a high affinity (Ki 0.43 nM), selective (D2/
D4 2000-fold, D3/D4 5000-fold) ligand at hD4 receptors157

which exhibited antagonist activity in several in vitro
functional assays. These included (i) inhibition of dopam-
ine-mediated inhibition of forskolin stimulated cAMP
production in HEK and CHO cells expressing hD4
receptors; (ii) blockade of dopamine mediated stimula-
tion of [35S]GTPγS binding; (iii) inhibition of dopamine
mediated increases in acidification rates in CHO cells
expressing hD4 receptors; (iv) blockade of dopamine-
induced inhibition of Ca2+ currents in GH4C1 pituitary
cells; and (v) blockade of G-protein gated inwardly
rectifying K+ currents in Xenopus oocytes.158 In none
of these assays was there any evidence of intrinsic
efficacy, although an isolated report has suggested that
L-745870 may have partial agonist activity.159 The
significance of this result is unclear since partial agonist
activity has only been observed in artificial cell lines
expressing high D4 receptor densities (>560 fmol/mg
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protein)160 which are very much in excess of those
reported in human brain or schizophrenic post-mortem
tissue by [3H]NGD-94-1 binding. Prior to in vivo pre-
clinical studies, it was established that L-745870 had
high affinity for the rat D4 receptor (rD4 Ki 1.5 nM, 1000-
fold selective over rD2) and selectivity over a wide range
of other neurotransmitter receptors. Importantly,
L-745870 was inactive at Na+ channels, very weak (IC50
9 µM) in the Diltiazam (Ca2+ channel) assay, and weak
(EC25 2.5 µM) in a ferret papillary muscle functional
assay of IKr activity. Modest affinity was detected for
the σ binding site (Ki 130 nM) and 5-HT2 receptors (Ki
200 nM), although hD4 receptor selectivity was still
>300-fold.

Several D4 receptor antagonists have been examined
in rodent tests predictive of antipsychotic activity and
side effect liabilities (see section 4 for a discussion), and
their behavioral profiles are summarized in Table 2. The
first, overwhelming feature to note is that D4 receptor
antagonists have a benign side effect profile: they do
not stimulate prolactin secretion, are not active in tests
predicting extrapyramidal side effects, and only impair
motor performance at relatively high doses. In contrast,
these agents do appear to exhibit antipsychotic poten-
tial, and most will attenuate amphetamine and/or
apomorphine-induced hyperactivity and reduce the
disruption in prepulse inhibition induced by apomor-
phine in the rat. Studies with L-745870, however,
seriously question the role of the D4 receptor in mediat-
ing these “antipsychotic-like” effects. In the absence of
neurochemical or behavioral responses known to be
unambiguously mediated through D4 receptor activa-
tion, surrogate assays were used as an alternative
means of estimating doses selectively occupying D4
receptors in vivo. First, L-745870 was shown to dose-
dependently displace in vivo [3H]-SKF 10,047 (48)

binding to the σ recognition site (ED50 ) 3 mg/kg, p.o.)
and, based on the fact that the affinity of L-745870 is
87-fold greater at the rat D4 receptor, it was predicted
that 35 µg/kg L-745870 would occupy 50% of D4 recep-
tors in vivo. Extrapolations from the σ binding assay
also predicted that, in rats, greater than 90% of brain
D4 receptors would be blocked at a dose of 1 mg/kg (p.o.)
L-745870. Second it was shown that L-745870 dose-
dependently inhibited mescaline-induced head twitches
(a 5-HT2 mediated effect) in rodents (ED50 ) 7 mg/kg,
p.o.) and, based on the relative affinities for the D4 and
5-HT2 receptor, it was predicted that a dose of 50 µg/kg
would occupy D4 receptors in vivo. Given that inhibition
of amphetamine-induced hyperactivity is observed at
doses clearly in excess of those maximally occupying D4
receptors in rodent brain, it would appear that some
other activity must explain these behavioral results.
Likely explanations would include 5-HT2 receptor an-
tagonism (see below) or even D2 receptor blockade since
brain concentrations in excess of 10 µM have been
measured following a dose of 3 mg/kg (p.o.) L-745870.
Importantly, these results clearly demonstrate that,
despite excellent receptor selectivity in vitro, L-745870
penetrates the brain sufficiently well that activity at
other neurotransmitter receptors can be detected. While
this unique approach of determining doses at which D4
receptors are selectively occupied has only been applied
to L-745870, it is possible that similar explanations may
also account for the apparent “antipsychotic-like” effects
of other D4 receptor antagonists. In particular, it seems
unlikely that D4 receptor blockade is responsible for the
ability of U-101,387 and CP-293019 to reverse apomor-
phine-induced disruptions in prepulse inhibition161 since
dopamine agonists still disrupt prepulse inhibition in
D4 receptor knock-out mice whereas the response is lost
in D2 receptor knock-out animals.162

To date L-745870 is the only selective dopamine D4
receptor antagonist to have completed clinical trials in
acutely psychotic inpatients.163 In a randomized, double-
blind study 12 patients received placebo and 26 patients
received 15 mg of L-745870 daily, a dose which was
predicted, based on the animal data described above and
human pharmacokinetic data, to occupy greater than
90% of D4 receptors in humans throughout the study.
This clinical trial clearly showed that treatment with

Table 2. Preclinical Profile of Selective D4 Receptor Antagonists in Behavioral Tests Predicting Antipsychotic Potential and Side
Effect Liabilitiesa

L-745870 U-101,387 S 18126 CP 293019

antipsychotic
potential

Blockade of apomorphine or amphetamine
hyperactivity

ED50 ) 22
(mg/kg, p.o.)

NE @ 58
(µmol/kg, i.p.)

ED50 ) 9
(mg/kg, s.c.)

ED50 ) 13
(mg/kg, p.o.)

Blockade of apomorphine disruption
in PPI

NE@ 1
(mg/kg, p.o.)

MED ) 30
(mg/kg, s.c.)

MED ) 18
(mg/kg, s.c.)

Inhibition of conditioned avoidance responding NE @ 1
(mg/kg, i.p.)

NE @ 40
(mg/kg, s.c.)

EPS liability Blockade of stereotypy NE @ 1
(mg/kg, p.o.)

NE @ 56
(mg/kg, p.o.)

Induction of catalepsy MED ) 100
(mg/kg, p.o.)

NE @ 58
(µmol/kg, i.p.)

NE @ 80
(mg/kg,.s.c.)

NE @ 56
(mg/kg, p.o.)

motor
impairment

Impaired rotarod performance MED ) 100
(mg/kg, p.o.)

NE @ 60
(µmol/kg, i.p.)

ED50 ) 66
(mg/kg, s.c.)

Impaired spontaneous locomotor activity MED ) 30
(mg/kg, p.o.)

NE @ 58
(µmol/kg, i.p.)

MED ) 40
(mg/kg, s.c.)

NE @ 56
(mg/kg, p.o.)

increased plasma
prolactin

NE @ 10
(mg/kg, p.o.)

NE @ 25
(µmol/kg, s.c.)

a Abbreviations: ED50 ) dose inhibiting the response by 50%; MED ) minimum effective dose; NE ) not effective; EPS ) extrapyramidal
side effects; s.c. ) subcutaneous administration; p.o. ) oral administration; i.p. ) intraperitoneal administration.
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L-745870 for 4 weeks failed to improve psychotic
symptoms; indeed more patients treated with L-745870
discontinued treatment because of insufficient thera-
peutic response, and those completing the study showed
some worsening of symptoms compared to the placebo-
treated group. While these observations should be
viewed with caution because of the small number of
patients, these results would suggest that selective
blockade of dopamine D4 receptors is not sufficient to
alleviate the acute symptoms of schizophrenia. Clinical
assessment of other D4 receptor antagonists will be
important in confirming these observations.

b. 5-HT2A Receptor Antagonists. The 5-HT2 recep-
tor is another receptor for which clozapine has high
affinity that has been singled out as a specific target
for the treatment of schizophrenia. In particular, while
the 5-HT2 receptor family comprises three receptor
subtypes (5HT2A, 5-HT2B, and 5-HT2C receptors), inter-
est has focused on the 5-HT2A receptor because of its
discrete localization in key brain areas.164 There are a
number of different classes of compounds with high
affinity for 5-HT2A receptors. One of these series is the
ω-phenylalkylphenoxyalkylamines165 with a general
structure described as in 49. The 5-HT2 receptor is

tolerant of a number of changes to both the length of
the chain between the two benzene rings and the nature
of the side chain bearing the basic nitrogen; however,
the D2 affinity does depend on these factors, and one is
therefore able to obtain either selective or nonselective
ligands from this series. A particular example of a 5-HT2
receptor selective ligand is sarpogrelate166 (MCI 9042,
50) and its metabolite (51). Compound 50 was developed
as an inhibitor of platelet aggregation, but 51 is also a
high affinity 5-HT2 ligand with activity in CNS assays.
The affinity at 5-HT2 receptors is not stereospecific, and

the compound is not selective for h5-HT2A over h5-HT2C.
Perhaps structurally related to this is the Sanofi oxime
SR46349167 (52) which has a similar “triangular” ar-
rangement of two benzene rings and a nitrogen atom:
in the former, compounds linked with a chain from one
of the benzene rings; and in the latter, coming off the
linker between the two rings. Compound 52 has 70-fold
binding selectivity168 for h5-HT2A over h5-HT2C recep-
tors. A further example of compounds having this
triangular pharmacophore are a series of 2-arytrypta-
mines from Merck169 exemplified by 53, a nanomolar

h5-HT2A receptor antagonist with 100-fold binding
selectivity over h5-HT2C receptors.

Fananserin (RP62203, 12) was originally described170

by Rhone-Poulenc Rorer as a high affinity (Ki 0.26 nM)
rat 5HT2 receptor antagonist with low affinity (Ki >1000
nM) at D2 receptors and selectivity over R1 adreno-
receptors (Ki 38 nM). The series is described as being
“incidentally discovered” and structurally unrelated to
ritanserin. Changes were made to the naphthosultam
portion of the molecule: the 4-fluorophenylpiperazine
was replaced with piperidines, tetrahydropyridines, and
heterocyclic replacements for the benzene ring. The
three-carbon chain length is preferred. Fananserin was
chosen as the optimal compound for selectivity and in
vivo properties, giving a potent and long lasting block
of mescaline-induced head twitch in rat (ED50 0.99 mg/
kg p.o. at 1 h, 2.4 mg/kg p.o. at 6 h). Subsequently it
has been reported that fanaserin has high affinity (Ki
2.9 nM) at hD4 dopamine receptors.171 In our hands,168

fananserin has very high affinity (Ki 0.04 nM) at human
cloned 5HT2A receptors, and some selectivity (30-fold)
over h5HT2C.

Some other structural series of 5-HT2A ligands fall
into a “linear” pharmacophore class. The prototypical
5HT2 receptor antagonist is ketanserin (54) with high
5HT2A receptor affinity and moderate selectivity over
5-HT2C receptors. There are a great many of this type
of structure with affinities at 5-HT2 and D2 receptors,
many of which use a benzofused heterocyle (benzisox-
azole or benzthiazole) as a replacement for the benzoyl
group of ketanserin, and are well covered in ref 172.
Examples include risperidone and sertindole for which
there is a published model173 for predicting antagonist
selectivity for 5HT2 over D2. Structure-activity rela-
tionship studies have been published on analogues of
ketanserin (54), in which it has been shown174 that the
quinazolinedione moiety can be dramatically simplified
to give the phenybutyl analogue (55) with only a small
reduction in 5HT2A receptor affinity (Ki 5.3 nM vs 3.5
nM for 54). Interestingly, for 54 the carbonyl of the
benzoyl group is important, with reduction to 56 leading
to a 100-fold loss in affinity. A further study175 by the
same group has shown that that the importance of the
carbonyl group depends on the nature of the chain on
the basic nitrogen. The analogue with a phenethyl group
is more tolerant of reduction of the benzoyl group, with
the affinity increasing 4-fold from 57 (Ki 9.6 nM) to 58
(Ki 2.5 nM), than that with a phenbutyl group, in which
there is a 26-fold in loss in affinity going from 55 (Ki
5.3 nM) to 59 (Ki 126 nM). Compound 58 (MDL11939)
was originally developed by Hoechst Marion Roussel as
a class III antiarrhythmic.176 The compound was also
tested in humans177 as a potential anxiolytic, but while
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it showed no adverse effects it was not efficacious for
this use. Hoechst Marion Roussel went on to substitute
both of the aromatic rings of this molecule and resolve
the molecule, leading to M 100907 (11).44

M 100907 is a high affinity, selective antagonist at
human and rat 5HT2A receptors (Ki 1.5 and 1.4 nM,
respectively) with 2 orders of magnitude binding selec-
tivity over 5HT2C and rat R1 adrenoceptors, and 2600-
fold binding selectivity over hD2 receptors. It has a low
affinity168 at the IKr channel (Ki 1060 nM). M 100907
has been described178 as being well absorbed but exten-
sively first pass metabolized in rats and dogs, the major
phase I metabolite being the product of O-demethylation
(60). The doses used in behavioral experiments give an

indication of the oral bioavailability: in mice the ED50’s
for i.p. and p.o. antagonism of 5-MeODMT induced head
twitches were 0.03 and 2.8 mg/kg, respectively, and the
corresponding ED50’s for antagonizing amphetamine
induced hyperlocomotion in mice were 0.08 and 0.62 mg/
kg. Thus, the difference between oral and i.p. doses in
behavioral experiments in mice were 1 to 2 orders of
magnitude. In our hands,179 the compound has oral
bioavailability of <3% in both rats and rhesus monkeys.
Nonetheless, Hoechst Marion Roussel have progressed
the compound to phase III clinical trials for schizophre-
nia in humans. A study in rats178 using in vivo microdi-
alysis has shown that M 100907 has better brain
penetration (brain/plasma AUC approximately 1 after

50 mg/kg p.o.) than its metabolite (60 brain/plasma AUC
approximately <0.13 after 50 mg/kg p.o. of M 100907),
and that the metabolism does not take place in the
brain. The area under curve data (AUC) measured in
these experiments also support low rat oral bioavail-
ability, with the plasma AUC following 50 mg/kg p.o.
dosing being some 10-fold lower than that following 5
mg/kg iv.

M 10090744 exhibits an antipsychotic-like profile in
rodent behavioral/neurochemical tests. Thus M 100907
was reported to attenuate (i) PCP-induced hyperactivity
in mice180 and PCP-induced increases in nucleus ac-
cumbens dopamine efflux in rat,181 (ii) 3,4-methylene-
dioxymethamphetamine (MDMA)-induced dopamine re-
lease182 and hyperactivity183 in rat, (iii) hyperactivity
induced by amphetamine in mice184 and (iv) the deficits
in prepulse inhibition induced by MK-801.185 In con-
trast, M 100907 failed to induce catalepsy or block
stereotyped behaviors, suggesting that the compound
has antipsychotic potential with negligible EPS liability.
On the basis of this encouraging preclinical profile, the
compound was taken forward into clinical trials. PET
studies186 in humans using doses of 10 and 20 mg of M
100907 to displace [11C]-spiperone from cortical 5HT2
receptors have shown that following both doses central
5HT2 receptors are occupied to an extent of 70-90% 8
h post dose and that the receptor occupancy is reduced
by about 20% at 24 h in the 10 mg group but is
maintained at essentially full occupancy in the 20 mg
group. The plasma half-life of M 100907 in humans is
6.6 h, but the receptor occupancy does not seem to follow
this half-life. Possible explanations are that the com-
pound is slow to come off the receptor or out of the brain
or that for a considerable portion of time the receptors
are saturated, leading to the apparent plateau of peak
occupancy. The results of this study, however, are
conclusive. Good receptor occupancy is achieved in
humans with this compound at very low plasma levels
(>75% occupancy at 1-3 ng/mL) and that single daily
dosing of 20 mg of M 100907 leads to an essentially
complete blockade of 5HT2 receptors for the duration
of the experiment. Another PET study187 in two schizo-
phrenic patients using [11C]-M100907 confirmed these
findings. Using these data, clinical trials have been
conducted in schizophrenic patients. A phase II clinical
trial188 in 47 patients using doses of 10, 20, or 40 mg/
day over a 6 week period showed, with the combined
treatment groups, a significant improvement in BPRS
scores compared to the placebo group, with no increases
in EPS. However, the development of M 100907 for
acute schizophrenia has been discontinued following
results of large (1000 patient) phase III clinical trials.189

Fananserin has also been tested190 in a phase II
clinical trial for the treatment of schizophrenia. Patients
were dosed up to 250 mg bid for 4 weeks, the dose being
chosen as the highest one consistent with safety, and
gave trough plasma levels of at least 70 ng/mL. While
receptor occupancy was not measured in humans,
extrapolations from the animal data191 suggest that this
dose is likely to be sufficient to block both hD4 and h5-
HT2A receptors in the patients. The clear outcome of this
trial was that fananserin had no effect on either the
positive or negative symptoms of schizophrenia.

To summarize, the past decade has seen a large effort
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aimed at mimicking the effect of clozapine by selectively
blocking a single receptor in the CNS of schizophrenic
patients. In clinical trials, blocking either dopamine D4
receptors or 5-HT2A receptors or both has shown no
improvement in the symptoms of the disease. While
there remain many new receptors (e.g., 5-HT6, 5-HT7

192)
at which clozapine has high affinity, and there will
undoubtedly be more discovered during the process of
mapping the human genome, experience thus far would
suggest that this is not a fruitful approach to the
development of novel antipsychotics.

7. Atypical Antipsychotics: Potential Novel
Approaches

a. Glutamate. As discussed in section 3c, there is
growing interest in the potential role of the excitatory
amino acid system in schizophrenia. The observed
effects of noncompetitive NMDA receptor antagonists
in humans and reduction of glutamate function in
schizophrenic post-mortem tissue has prompted specu-
lation that pharmacologically enhancing NMDA recep-
tor function may be beneficial in treating aspects of the
disorder. However, while fewer studies have been
conducted, largely due to the lack of suitable com-
pounds, it may be feasible to enhance glutamate trans-
mission via activation of metabotropic or R-amino-3-
hydroxy-5-methyl-4-isoxazole proprionic acid (AMPA)
receptor subtypes.

a. i. N-Methyl-D-aspartate (NMDA) Receptors.
NMDA receptors are comprised of multiple subunit
combinations, the exact stoichiometry of which is un-
known in native receptors. At least three NMDA recep-
tor subunits, each a separate gene product, have been
identified: NR1, of which there are eight isoforms (a-
h), NR2 of which there are four subtypes (A-D), and
NR3A (formerly termed NMDAR-L or ø-1)193,194 which
is developmentally regulated but is present in some
regions of adult rat brain. The NR1 subunit appears to
be an essential requirement for the formation of func-
tional NMDA receptors which are formed by the com-
bination of at least one obligatory NR1 subunit with at
least one other subunit from a separate gene (NR2 A-D)
or NR3A. It is conceivable that NMDA receptors exist
both as doublets (e.g., NR1/NR2) and/or triplets (for
example NR1/NR2x/NR2y or NR1/NR2/NR3A) in native
tissue, making the number of potential receptor variants
extremely large. An extra level of complexity, which may
be exploited pharmacologically, is that NMDA receptor
subunit combinations contain multiple binding sites
that allosterically regulate receptor function. Thus,
point mutation and electrophysiological studies have
demonstrated that the glycine modulatory site is located
within the NR1 subunit and may therefore be common
to all NMDA receptor variants.195 In contrast, the
ifenprodil (61) binding site appears to be associated
specifically with amino acid residues where the NR2B
subunit overlaps with the NR1 subunit.196,197 Conse-
quently, ifenprodil has little affinity for other NMDA
subunits, and its action is to selectively block NR2B
containing NMDA receptors. As NMDA receptor subunit
combinations are differentially distributed in the CNS,
it is conceivable that these receptors are involved in
many CNS processes. Pharmacologically, this is a
relatively unexplored area and the challenge here is to

develop subtype selective drugs that modulate glutamate
receptor function without causing possible mechanism
related side effects such as excitotoxicity, decreased
seizure threshold, ataxia, and cognitive impairment. To
date, the only available subtype selective NMDA recep-
tor ligands that have been identified are ifenprodil and
its analogues, for example CP101606 (62), which are
antagonists at NR2B containing receptors and as such
would not be expected to have antipsychotic activity.

Uniquely, the NMDA receptor requires the presence
of both glutamate and glycine to be activated. As high
concentrations of glutamate are neurotoxic, attempts
have been made in a number of open label clinical trials
to increase glutaminergic transmission by administra-
tion198-200 of high doses of glycine, glycine pro-drugs,201

for example milacemide (63), or amino acid analogues
with affinity for the NMDA/glycine site, for example
D-cycloserine (64),202 with or without concomitant neu-

roleptic therapy. The results of these trials have been
variable and somewhat unconvincing, with some studies
showing clinical improvement albeit largely with regard
to negative symptoms, and others showing either no
benefit or worsening of symptoms (see ref 203 for
review). There are two problems with such studies.
First, it is possible (though unlikely204) that the glycine/
NMDA site is saturated with endogenous glycine under
normal physiological conditions in which case it would
be difficult to enhance glutamate transmission via
activating this site. Second, these studies may be
compromised by the inadequacy of the compounds used
in the clinical trials. Glycine has poor brain penetration,
and systemic administration is consequently a relatively
inefficient method of increasing brain glycine concentra-
tion. Milacemide readily crosses the blood brain barrier
where it is converted to glycine and glycinamide, but it
also has additional pharmacology that may relate to
monoamine oxidase A inhibition204 and which may
complicate its therapeutic effects. D-Cycloserine is a
partial agonist at the glycine/NMDA site and may act
as an agonist or antagonist depending on the concentra-
tion of glycine at the NMDA receptor. If under such
conditions D-cycloserine behaved as an antagonist at the
NMDA/glycine site, psychotomimetic effects may be
anticipated.

Therefore, to fully test this hypothesis it is essential
that a more effective method of enhancing NMDA
transmission is developed. One such approach may be
to increase the availability of glycine in the CNS by
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inhibiting its reuptake. Two glycine transporters, GLYT-1
and GLYT-2, have recently been cloned.205-207 Each of
these is predicted to contain 12 hydrophobic membrane
spanning regions and are dependent on Na+/Cl-, placing
them in the monoamine neurotransmitter transporter
family. They are differentially distributed in the mam-
malian CNS: GLYT-1 is expressed in most brain regions
including the hippocampus, where it is found in close
proximity to NMDA receptors, whereas GLYT-2 sites
are predominantly located in brainstem and spinal
cord.208 In support of the suggestion that blockade of
the GLYT-1 transporter would increase NMDA receptor
mediated transmission, a recent study demonstrated
that local application of N-[3-(4′-fluorophenyl)-3-(4′-
phenylphenoxy)propyl]sarcosine (65), a selective and
potent GLYT-1 reuptake inhibitor, enhanced NMDA
mediated currents in rat hippocampal slices in vitro.209

Furthermore, preclinical evidence that inhibition of
GLYT-1 transport may have antipsychotic activity was
provided by studies with glycyldodecylamide. This is a
relatively weak GLYT-1 inhibitor, but it is brain pen-
etrant and was shown to block the uptake of glycine in
rat cortex and the hyperactivity induced by PCP in
rats.210,211 Further studies are required with more
potent compounds, for example ORG 24598 (66),212 to
fully characterize this novel pharmacological approach.
However, it is also worth remembering that even the
most positive clinical trials with glycine replacement
therapy only improved negative symptoms, and it is
quite possible that this treatment strategy will not
address all clinical manifestations of the disorder.

a. ii. Metabotropic (mGlu) Receptors. Metabotro-
pic glutamate (mGlu) receptors, of which there are eight
subtypes (mGlu1-8), are categorized into three groups
according to their agonist pharmacology, sequence
similarity, and signal transduction pathways. Group I
mGlu receptors consist of mGlu1 and mGlu5, both of
which are positively coupled to phospholipase C and are
activated by (S)-3,5-dihydroxyphenylglycine (67, 3,5-
DHPG). Group II mGlu receptors include the mGlu2 and
mGlu3 subtypes, which are negatively coupled to ade-
nylyl cyclase and are preferentially activated by
(2S,2′R,3′R)-2-(2′,3′-dicarboxycyclopropyl)glycine (68,
DCG-IV). Group III mGlu receptors consist of mGlu4/6/7/8
and are also negatively coupled to adenylyl cyclase but
are preferentially activated by (S)-2-amino-4-phospho-
nobutyric acid (69, L-AP4).

With respect to the relevance of these receptors to
schizophrenia, several studies have reverted to the
dopamine hypothesis of schizophrenia and focused on
the possible role of metabotropic glutamate receptors
in the regulation of mesolimbic dopamine function. In
situ hybridization and pharmacological studies demon-
strated that not only are mGlu1-5 receptors located in
basal ganglia structures including the nucleus accum-

bens,213 but also that mGlu receptor ligands modulate
dopamine neuronal function in these structures.214-217

However, the ligands used in such studies are not
subtype specific, particularly when used in high con-
centration, and further analysis of the involvement of
individual subtypes await the development of more
selective ligands. The group II mGlu receptors have
recently become of considerable interest following the
discovery of LY354740 (70) and LY379268 (71) which

are potent, brain penetrant, selective group II mGlu
receptor agonists.218,219 Functional studies with these
compounds suggest that mGlu2/3 receptors are located
presynaptically on glutamate terminals where they may
act as autoreceptors regulating glutamate release in
vivo.220,221 Immunocytochemical mapping studies have
indicated that mGlu2/3 receptors are located in several
forebrain structures including the cortex and hippo-
campus both post- and presynaptically.222 Recent be-
havioral and neurochemical studies with group II recep-
tor agonists demonstrated an atypical antipsychotic-like
profile with a novel mechanism of action independent
of modulating dopamine release.218,223 Thus LY354740
and LY379268 attenuated PCP induced increased loco-
motion in rats without significantly impairing motor
performance or working memory in a delayed alterna-
tion test. Interestingly, and in contrast to haloperidol
or clozapine, the mGlu2/3 receptor agonists did not
influence the hyperlocomotor effects of amphetamine
although rearing induced by amphetamine was signifi-
cantly attenuated by both compounds. The lack of effect
of LY354740 on basal or PCP induced dopamine release
in the nucleus accumbens or prefrontal cortex suggested
a dopamine independent mechanism of action, which
at present remains unclear. In keeping with the sug-
gestion that group II receptor agonists activate terminal
autoreceptors to decrease evoked release of glutamate
in vitro,221,224 LY354740 significantly blocked PCP
induced increase of glutamate release in the nucleus
accumbens and prefrontal cortex in vivo without affect-
ing basal glutamate release per se. This suggests either
that increased dopamine release is not required for the
expression of PCP related behavior or that increased
release of glutamate occurs after increased dopamine
release. However, while the results of these studies
seem promising, the lack of efficacy of LY354740 in
attenuating PCP induced disruption of prepulse inhibi-
tion of the acoustic startle response225 does not support
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the utility of mGlu2/3 receptor agonists as a novel class
of atypical antipsychotic, and it is clear that further
work is required to substantiate this claim.

a. iii. r-Amino-3-hydroxy-5-methyl-4-isoxazole
proprionic Acid (AMPA) Receptors. Molecular clon-
ing studies have shown that AMPA receptors are
comprised of multiple subunits termed GluR1-4, each
encoded by a separate gene and each occurring in
alternatively spliced “flip” and “flop” forms that display
different pharmacological properties. AMPA receptor
subunits are widely expressed in virtually all regions
of the mammalian CNS and appear to exist both in
neurons and glia. Due to their involvement in mediating
excitatory synaptic currents and their ability to flux
calcium ions, it has been proposed that AMPA receptors
are involved in synaptic plasticity and neuronal devel-
opment and that they may contribute to excitotoxic and
neurodegenerative mechanisms.226 The pharmacology
of these receptors is rather limited due largely to the
relative paucity of ligands with selectivity over kainate
and NMDA receptors. The positive allosteric modulators
such as the ampakines, as typified by CX516 (72), are

a class of brain penetrant molecules that selectively
activate AMPA receptors and were initially developed
as cognitive enhancers. It is conceivable therefore that,
as with glycine replacement therapy, such compounds
could also enhance glutamate transmission in schizo-
phrenia. Recent preclinical studies have shown, how-
ever, that while 72 was ineffective in reducing meth-
amphetamine induced rearing behavior in rats when
given alone, it significantly attenuated this behavior
when given in combination with a subthreshold dose of
either a typical or atypical antipsychotic.227 Such find-
ings, while limited, are of interest, although it would
suggest that such compounds are only likely to be used
as add-on therapy with established antipsychotic agents.
It is unclear, at present, if this would represent a
significant advantage over conventional treatment.

b. Nitric Oxide (NO). Nitric oxide is an important
inter- and intracellular messenger in many peripheral
tissues and the CNS. NO is formed by the enzyme nitric
oxide synthase (NOS), which converts arginine into NO
and citrulline in response to increased intracellular
calcium levels following, for example, activation of the
NMDA receptor. NO is a diffusable gas, and one
potential molecular target appears to be soluble, gua-
nylyl cyclase, in which it binds to the haem moiety,
activating the enzyme and increasing the synthesis of
cyclic GMP. Post-mortem studies of schizophrenic brain
tissue have shown an increase in the number of NOS
positive neurons in the pedunculopontine nucleus, a
region involved with sensory gating, and also in the
concentration of NOS in the cerebellum.228-230 Methyl-
ene blue, a compound that inhibits NOS and soluble
guanylyl cyclase activity,231 moderately improved symp-
toms in schizophrenic patients who were refractory to

conventional neuroleptics.232 In keeping with these
findings, animal studies showed that inhibition of NOS
activity with methylene blue, L-NOARG (73), L-NAME
(74), or 7-nitroindazole (75) attenuated the hyperactivity

and disruption of prepulse inhibition by noncompetitive
NMDA receptor antagonists MK-801 and PCP but not
amphetamine.233-238 When given alone, these inhibitors
did not affect startle responses or baseline locomotor
activity, neither did they induce catalepsy. Furthermore,
it has recently been shown that head twitch behavior
induced by the hallucinogenic 5-HT2 receptor agonist
DOI (76) was prevented by 7-nitroindazole and L-
NAME.239 While these findings are exciting, unfortu-
nately all currently available NOS inhibitors induce
unacceptable side effects including hypertension and
cognitive impairment that may be due to poor selectivity
for different NOS isoforms. It will be necessary to find
compounds with improved selectivity for neuronal NOS
before this issue can be addressed.

c. Peptides. c. i. Neurotensin (NT). Neurotensin
is a 13 amino acid peptide produced by cleavage of a
larger precursor protein and is located in peripheral
tissues, predominantly the gastrointestinal tract and in
the brain, where it is found in close proximity to
mesolimbic and nigrostriatal dopamine neurons.240 Two
receptor subtypes, NT1 and NT2, have recently been
cloned and are expressed in rodent and human
brain.241-244 The physiological significance of the NT2
receptor remains obscure as it appears to have a lower
affinity for NT than the NT1 receptor. Furthermore,
studies in vitro using cloned human receptors demon-
strate that NT behaves as an agonist at NT1 and an
antagonist at NT2 receptors.245 Such findings raise the
question of whether the NT2 receptor can be considered
a true NT receptor, and comparable studies at native
receptors will be required to confirm this unusual in
vitro profile.

NT has been suggested,246 on the basis of co-localiza-
tion and behavioral studies, to regulate the function of
mesolimbic dopamine neurons in the CNS. This is
supported by more recent studies showing that central
administration of NT or systemic administration of
metabolically stable NT analogues, e.g., NT1 (NRMe-Arg-
Lys-Pro-Trp-Tle-Leu) or PD 149163 (77) blocked am-

phetamine, PCP, or MK-801 induced locomotor activity
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and prepulse inhibition247-249 without inducing cata-
lepsy or affecting baseline startle responses. This profile
is certainly consistent with that of an atypical antipsy-
chotic although effects on prolactin secretion appear not
to have been determined. There are potential problems
with the use of NT1 receptor agonists, as NT is known
to induce widespread autonomic side effects including
gastric hypomotility, gastric acid hyposecretion, hy-
potension, and hypothermia.250 Furthermore, many of
the physiological, neurochemical, and electrophysiologi-
cal effects251 of NT show rapid desensitization, and while
this may serve to reduce side effect liabilities, it may
also diminish the antipsychotic effects of NT1 agonists
following repeated dosing. While there are no published
clinical trials with selective NT1 receptor agonists,
Sanofi have recently taken SR 48692 (78), a non-

peptide, high affinity NT1 receptor antagonist with
agonist efficacy at NT2 receptors, into phase II trials.252

Acute administration of SR 48692 was found to have
no effect on spontaneous locomotion or basal release of
dopamine in the nucleus accumbens253,254 and potenti-
ated the locomotor effects of subthreshold doses of
methamphetamine.255 While the latter effect is not
consistent with that of an antipsychotic agent, repeated
treatment with SR 48692 for 15 days was found to
decrease dopamine release in the nucleus accumbens.256

The latter findings suggest that long-term treatment
with such compounds could be beneficial in the treat-
ment of schizophrenia or other psychoses. However, it
is worth remembering that this particular compound is
both an antagonist and agonist at NT1 and NT2 recep-
tors, respectively,245 and given the complexities of
central neurotensin-dopamine interactions it is difficult
to assess whether the in vivo profile of this compound
is a consequence of blocking NT1 or activating NT2
receptors.

c. ii. Tachykinin Receptor Antagonists. The mam-
malian tachykinins, which include the undecapeptide
substance P, neurokinin A, neurokinin B, and neu-
ropeptide K, are a family of closely related peptides
encoded by two preprotachykinin genes (for review, see
ref 257). They are present in mammalian brain tissue,
and their biological effects are mediated by three
tachykinin receptor subtypes (NK1,2,3) which are pref-
erentially selective for substance P, neurokinin A, and
neurokinin B, respectively. NK3 receptors, visualized
autoradiographically using the selective agonist [3H]-
senktide (79), are widely distributed in rodent CNS with
moderate density in cortex, substantia nigra, basolateral
amygdala, caudate putamen, nucleus of the diagonal
band, ventral tegmental area, and median raphe
nucleus.258 Interestingly, NK3 receptors appear to have
an overlapping distribution with tyrosine hydroxylase

containing neurons in rat mesencephalic dopamine cell
body areas A8, A9, and A10259 consistent with the
suggestion that NK3 receptors may regulate midbrain
dopamine neuronal activity.260-263

However, NK3 receptors appear to be absent264 or very
weakly expressed in normal human brain tissue, pos-
sibly with a different cellular and anatomical distribu-
tion to that observed in the rat.265 Nevertheless, studies
of NK3 receptor density in schizophrenic brain tissue
have not yet been reported, and it is conceivable that
NK3 receptor density is altered by the disease process.
Despite the controversial evidence for the presence of
NK3 receptors in human brain, Sanofi have recently
taken252 a potent non-peptide NK3 antagonist, SR
142801 (80),266 into phase II clinical trials for schizo-

phrenia, the outcome of which is awaited with interest.
It is less clear that substance P acting directly at NK1
receptors can modulate the function of rodent midbrain
dopamine neurons. Thus while NK1 receptors appear
to be present on dopamine cell bodies,267 and infusion
of a selective NK1 receptor agonist into the ventral
tegmental area increased dopamine metabolism in
prefrontal cortex and nucleus accumbens,268 selective
NK1 receptor agonists were also found to be less effective
than NK3 preferring agonists in causing dopamine
mediated behavior.261 These apparently contradictory
findings may reflect the inadequate research tools
available at the time. NK1 receptors appear to be the
predominant subtype in human brain and are found in
high to moderate density in the striatum, cortex, hip-
pocampus, and importantly in the ventral tegmental
area.269 However, the selective, potent NK1 receptor
antagonist MK-869 (81)270 was recently found to lack
efficacy in a four week placebo and haloperidol con-
trolled clinical trial in schizophrenic in patients,271

demonstrating that this is not a viable novel approach
to the treatment of schizophrenia.

d. Cholinergic Transmission. d. i. Muscarinic
Receptors. Muscarinic receptor antagonists have been
used for many years to limit the severity of EPS induced
by chronic neuroleptic medication, by functionally an-
tagonizing the effects of dopamine blockade. It has been
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suggested that impairment of the cholinergic system in
schizophrenia may induce hyperfunction of dopamine
neurons. Several atypical antipsychotics including cloz-
apine and olanzapine have moderate affinity and are
partial agonists for cholinergic M1, M2, and M4 recep-
tors272 (also see ref 42 and Table 1). This activity may
contribute to their reduced EPS liability and possibly
their clinical efficacy. Interestingly, recent studies have
demonstrated that several nonselective muscarinic re-
ceptor agonists including pilocarpine (82), RS 86 (83),273

and PTAC (84),274 a potent, selective, partial agonist at

M2 and M4 receptors and an antagonist at M1, M3, and
M5 receptors, displayed antipsychotic activity in animal
assays. PTAC inhibited ventral tegmental dopamine cell
firing and blocked conditioned avoidance responding,
and apomorphine induced climbing without inducing
catalepsy, salivation, or tremor, although spontaneous
locomotor activity was markedly reduced. Consistent
with this behavioral profile, xanomeline (85), a func-
tionally selective M1/M4 receptor agonist, was found, in
a clinical trial for Alzheimer’s disease, to improve
psychotic symptoms including delusions, hallucinations,
agitation, and fearfulness in 9 out of 17 patients
although some cholinergic adverse events were re-
ported.275 This clinical observation suggests that M1/
M4 receptor agonists may represent a novel approach
to antipsychotic therapy that acts possibly by function-
ally opposing the action of dopamine in the mesocorti-
colimbic system. The difficulty with this class of com-
pound is ensuring adequate selectivity over M2/M3
receptors where agonist activity may be associated with
undesirable, peripherally mediated side effects.

d. ii. Nicotinic Receptors. There is some evidence
for a reduction of nicotinic cholinergic function in
schizophrenia. Thus the density of nicotinic receptor
subtypes labeled by [3H]-cytisine (86) and [125I]R-bun-

garotoxin are significantly decreased in the dentate and
CA3 regions of schizophrenic brain,276 although a reduc-
tion of these sites could be due to other factors including
smoking and antipsychotic/anticholinergic medication.
Schizophrenic subjects show clear deficits in the gating

of auditory evoked stimuli, and nicotine administration,
either in the form of gum or from smoking cigarettes,
was found to transiently normalize these deficits pos-
sibly by activating the R7 subtype.277,278 Consistent with
this, a similar failure to suppress auditory responses is
also found in rats after blockade of R7-nicotinic receptors
in the hippocampus.279 Additionally, nicotine can re-
verse some of the cognitive deficits, including those of
attention and memory, observed in schizophrenics fol-
lowing administration of dopamine D2 receptor antago-
nists.280 However, nicotinic receptors including the R7
subtype281 show rapid desensitization following activa-
tion by agonists and it is therefore difficult to determine
if the observed effects of nicotine administration are due
to receptor activation or desensitization.

Conclusions
Schizophrenia is a severe, common, and poorly un-

derstood disease with a strong genetic component, but
no susceptibility or causative genes have been discov-
ered to date. Dopamine D2 receptor antagonists provide
partially efficacious symptomatic treatment but suffer
from multiple adverse effects. Clozapine was the first
of the so-called atypical antipsychotics, found to over-
come the adverse effects observed with D2 receptor
antagonists, and in patients was established to be more
efficacious against positive and negative symptoms. The
reasons for the superior clinical effectiveness of cloza-
pine, which has high affinity for multiple receptors, are
not understood. Although a number of compounds which
overcome some of the limitations of the dopamine D2
receptor antagonists have recently reached the market,
clinical experience with these new agents is limited. It
may be some time before their efficacy against all
aspects of this disorder is determined, and there are still
a number of side effect issues with some of these drugs,
due to their relatively high affinity for multiple recep-
tors. It is also clear that studies thus far with com-
pounds selective for a single receptor targeted by
clozapine, for example fananserin, M 100907, and
L-745870 which are selective for 5-HT2A or D4 receptors,
have failed to show comparable clinical efficacy. Thus,
it seems unlikely that activity at a single receptor will
convey clozapine’s atypical antipsychotic profile. What
is less obvious is how the next generation of antipsy-
chotics will be developed, as the fundamental lack of
understanding of the disease process obviates a rational
therapeutic strategy based on intervention or palliative
therapy. A more long-term approach may be to exploit
information from clinical functional imaging studies
which are becoming increasingly sophisticated, provid-

494 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 4 Perspective



ing more detailed information of the brain structures,
pathways, and circuits involved in various aspects of
the disorder. Finally, advances in genomics including
gene chip technology, proteomics,282 and transgenic
animal technology99,100,102,283 may provide novel molec-
ular targets and more appropriate animal models that
will ultimately lead to a greater understanding of
schizophrenia and hence improved treatment.

Biographies
Michael Rowley was educated in Cambridge, doing a

Ph.D. with Ian Fleming, before 2 years postdoctoral work with
Yoshito Kishi at Harvard. He joined Merck in 1988. His
interests have been in the areas of ion channels and G-protein
coupled receptors in the central nervous system. He has
recently moved to become the Head of Medicinal Chemistry
at the Istituto di Ricerche di Biologia Molecolare (IRBM), the
Merck Research Laboratory site in Rome, Italy.

Linda J. Bristow graduated from Somerville College,
Oxford University, in 1984 with a B.A. honors degree in
physiological sciences. She moved to the Physiology and
Pharmacology Department at Nottingham University to work
with Geoff Bennett and received her Ph.D. in 1988. She joined
the Behavioural Pharmacology Department at Terlings Park
in 1988 and recently took up the position of Laboratory Head,
Psychopharmacology, at MRL, San Diego, CA.

Peter H. Hutson received his Ph.D. from the Department
of Neurochemistry, Institute of Neurology, London. He joined
Merck in 1989. His current interests are the neuropharma-
cology of schizophrenia and depression. He is Senior Investiga-
tor in the Department of Behavioural Neuroscience at Terlings
Park.

References
(1) Harrison, P. J. The neuropathology of schizophrenia. A critical

review of the data and their interpretation. Brain 1999, 122,
593-624.

(2) Andreasen, N. C.; Arndt, S.; Swayze, V.; Cizadlo, T.; Flaum, M.;
Oleary, D.; Ehrhardt, J. C.; Yuh, W. T. C. Thalamic abnormali-
ties in schizophrenia visualised through magnetic resonance
image averaging. Science 1994, 266, 294-298.

(3) Nelson, M. D.; Saykin, A. J.; Flashman, L. A.; Riodan H. J.
Hippocampal volume reduction in schizophrenia as assessed by
magnetic resonance imaging: a meta-analytic study. Arch. Gen.
Psychiatry 1998, 55, 433-440.

(4) Lawrie, S. M.; Abukmeil, S. S. Brain abnormality in schizophre-
nia. A systematic and quantitative review of volumetric magnetic
resonance imaging studies. Br. J. Psychiatry 1998, 172, 110-
120.

(5) Silberweig, D. A.; Stern, E.; Frith, C.; Cahill, C.; Holmes, A.;
Grootoonk, S.; Seaward, J.; McKenna, P.; Chua, S. E.; Schnorr,
L.; A functional neuroanatomy of hallucinations in schizophre-
nia. Nature 1995, 378, 176-179.

(6) Dierks, T.; Linden, D. E. J.; Jandi, M.; Formisano, E.; Goebel,
R.; Lanferman, H.; Singer, W. Activation of Heschl’s gyrus
during auditory hallucinations. Neuron 1999, 22, 615-621.

(7) McGuffin, P.; Owen, M. J.; Farmer, A. E. Genetic basis of
schizophrenia. Lancet 1995, 346, 678-682.

(8) Moldin, S. O.; Gottesman, I. I. At Issue: genes, experience and
chance in schizophrenia- positioning for the 21st century.
Schizophr. Bull. 1997, 23, 547-561.

(9) Murphy, K. C.; Cardno, A. G.; McGuffin, P. The molecular
genetics of schizophrenia. J. Mol. Neuroscience. 1996, 7, 147-
157.

(10) Schurhoff, F.; Stevanin, G.; Trottier, Y.; Bellivier, F.; Mouren-
Simeoni M. C.; Brice, A. A. Preliminary study on early onset
schizophrenia and bipolar disorder: large polyglutamine expan-
sions are not involved. Psychiatry Res. 1997, 72, 141-144.

(11) Jones, A.; Middle, F.; Guy, C.; Spurlock, G.; Cairns, N. J.;
McGuffin, P. No evidence for expanded polyglutamine sequences
in bipolar disorder and schizophrenia. Mol. Psychiatry 1998, 2,
478-482.

(12) Joober, R.; Benkelfat, C.; Jannatipour, M.; Turecki, G.; Lal, S.;
Mandel, J.-L.; Bloom, D.; Lalonde, P.; Lopes-Cendes, I.; Fortin,
D.; Rouleau, G. Polyglutamine-containing proteins in schizo-
phrenia. Mol. Psychiatry 1999, 4, 53-57.

(13) Ikonomidou, C.; Bosch, F.; Miksa, M.; Bittigau, P.; Vockler, J.;
Dikranian, K.; Tenkova, T. I.; Stefovska, V.; Turski, L.; Olney,
J. W. Blockade of NMDA receptors and apoptotic neurodegen-
eration in the developing brain. Science 1999, 283, 70-74.

(14) Johnson, K. M.; Phillips, M.; Wang, C.; Kevetter, G. A. Chronic
phencyclidine induces behavioural sensitisation and apototic cell
death in the olfactory and piriform cortex. J. Neurosci. Res. 1998,
52, 709-722.

(15) Mitchell, I.; Cooper, A. J.; Griffiths, M. R.; Barber, D. J.
Phencyclidine and corticosteroids induce apoptosis of a subpopu-
lation of striatal neurones: a neural substrate for psychosis.
Neuroscience 1998, 84, 489-501.

(16) Carlsson, A.; Lindquist, M. Effect of chlorpromazine and halo-
peridol on formation of methoxytyramine and normetanephrine
in mouse brain. Acta Pharmacol. Toxicol. 1963, 20, 140-144.

(17) Creese, I.; Burt D. R.; Snyder S. H. Dopamine receptor binding
predicts clinical and pharmacological potencies of antischizo-
phrenic drugs. Science 1976, 192, 481-483.

(18) Laruelle, M.; Abi-Dargham, A.; van Dyck. C. H.; Gil, R.; D’Souza,
C. D.; Erdos, J.; McCance, E.; Rosenblatt, W.; Findango, C.;
Zoghbi, S. S.; Baldwin, R. M.; Seibyl, J. P.; Krystal, J. H.;
Charney, D. S.; Innis, R. B. Single photon emission computerized
tomography imaging of amphetamine-induced dopamine release
in drug free schizophrenic subjects. Proc. Natl. Acad. Sci. U.S.A.
1996, 93, 9235-9240.

(19) Wooley, D. W.; Shaw, E. A biochemical and pharmacological
suggestion about certain mental disorders. Proc. Natl. Acad. Sci.
U.S.A. 1954, 40, 228-231.

(20) Burnett P. W. J.; Eastwood, S. L.; Harrison P. J. 5-HT1A and
5-HT2A receptor mRNAs and binding site densities are differ-
entially altered in schizophrenia. Neuropsychopharmacology
1996, 15, 443-455.

(21) Gurevich, E. V.; Joyce, J. N. Alterations in the cortical seroton-
ergic system in schizophrenia: a postmortem study. Biol.
Psychiatry 1997, 42, 529-545.

(22) Nyberg, S.; Nakashima, Y.; Nordstrom, A.-L.; Halldin, C.; Farde,
L. Positron emission tomography of in vivo binding character-
istics of atypical antipsychotic drugs: review of D2 and 5-HT2
receptor occupancy studies and clinical response. Br. J. Psy-
chiatry 1996, 168 (suppl 29), 40-44.

(23) Meltzer, H. Y.; Matsubara, S.; Lee J.-C. Classification of typical
and atypical antipsychotic drugs on the basis of dopamine D-1,
D-2 and serotonin2 pKi values. J. Pharmacol. Exp. Ther. 1989,
251, 238-246.

(24) Meltzer, H. Y.; Matsubara, S.; Lee, J. C. The ratios of serotonin-2
and dopamine-2 affinities differentiate atypical and typical
antipsychotics drugs. Psychopharmacol. Bull. 1989, 25, 390-
392.

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

(26) Pilowski, L. S.; Busatto, G. F.; Taylor, M.; Costa, D. C.; Sharma,
T.; Sigmundsson, T.; Ell, P, J.; Nohria, V.; Kerwin, R. W.
Dopamine D2 receptor occupancy in vivo by the novel atypical
antipsychotic olanzapine - a 123I IBZM single photon emission
tomography (SPECT) study. Psychopharmacology 1996, 124,
148-153.

(27) Kapur, S.; Zipurski, R. B.; Remington, G.; Jones, C.; DaSilva,
J.; Wilson, A. A.; Houle, S. 5-HT2 and D2 receptor occupancy of
olanzapine in schizophrenia: a PET investigation. Am. J.
Psychiatry 1998, 155, 921-928.

(28) Bench, C. J.; lammertsma, A. A.; Dolan, R. J.; Grasby, P. M.;
Warrington, S. J.; Gunn, K.; Cuddigan, M.; Turton, D. J.; Osman,
S.; Frackowiak, R. S. J. Dose dependent occupancy of central
dopamine D2 receptors by the novel neuroleptic CP-88,059-01:
a study using positron emission tomography and 11C-raclopride.
Psychopharmacology 1993, 112, 308-314.

(29) Kapur, S. A new framework for investigating antipsychotic action
in humans: lessons from PET imaging. Mol. Psychiatry 1998,
3, 135-140.

(30) Tamminga, C. A. Schizophrenia and glutamate transmission.
Crit. Rev. Neurobiol. 1998, 12, 21-36.

(31) Javitt, D. C. Glutamate receptors and schizophrenia: opportuni-
ties and caveats. Mol. Psychiatry 1996, 1, 16-17.

(32) D’Souza, D. C.; Charney, D.; Krystal, J. Glycine site agonists of
the NMDA receptor: A review. CNS Drug Rev. 1995, 1, 227-
260.

(33) Kim, J. S.; Kornhuber, H. H.; Schmid-Burgk, W.; Holzmueller,
B. Low cerebrospinal fluid glutamate in schizophrenic patients
and a new hypothesis on schizophrenia. Neurosci. Lett. 1980,
20, 379-382.

(34) Faustman, W. O.; Bardgett, M.; Faull, K. F.; Pfefferbaum, A.;
Csernansky, J. G. Cerebrospinal fluid glutamate inversely
correlates with positive symptom severity in unmedicated male
schizophrenic/schizoaffective patients. Biol. Psychiatry 1999, 45,
68-75.

(35) Sherman, A. D.; Hegwood, T. S.; Baruah, S.; Waziri, R. Deficient
NMDA-mediated glutamate release from synaptosomes of schizo-
phrenics Biol. Psychiatry 1991, 30, 1191-1198.

(36) Grimwood, S.; Slater, P.; Deakin, J. F. W.; Hutson, P. H. NR2B
containing NMDA receptors are up-regulated in temporal cortex
in schizophrenia. Neuroreport 1998, 10, 461-456.

Perspective Journal of Medicinal Chemistry, 2001, Vol. 44, No. 4 495



(37) Ishimaru, M.; Kurumaji, A.; Toru, M. Increases in strychnine-
insensitive glycine binding sites in cerebral cortex of chronic
schizophrenics: evidence for glutamate hypothesis. Biol. Psy-
chiatry 1994, 35, 84-95.

(38) Toru, M.; Kurumaji, A.; Kumashiro, S.; Suga, I.; Takashima, M.;
Nishikawa, T. Excitatory amino acidergic neurones in chronic
schizophenic brain. Mol. Neuropharmacol. 1992, 2, 241-243.

(39) Krystal, J. H.; Karper, L. P.; Seibyl, J. P.; Freeman, G. K.;
Delaney, R.; Bremner, J. D.; Heninger, G. R.; Bowers, M. B.;
Charney, D. S. Subanesthetic effects of the noncompetitive
NMDA antagonist ketamine in humans. Arch. Gen. Psychiatry
1994, 51, 199-214.

(40) Cohen, B. D.; Rosenbaum, G.; Luby, E. D.; Gottlieb, J. S.
Comparison of phencyclidine hydrochloride (sernyl) with other
drugs: simulation of schizophrenic performance with sernyl,
LSD 25 and amylobarbital (Amytal) sodium 1 attention, motor
function and proprioception Arch. Gen. Psychiatry 1959, 1, 651-
656.

(41) Pijnenburg, A. J. J.; Honig, W. M. M.; Van Rossum, J. M.
Inhibition of d-amphetamine-induced locomotor activity by injec-
tion of haloperidol into the nucleus accumbens of the rat.
Psychopharmacologia 1975, 41, 87-95.

(42) Arnt, J. Differential effects of classical and newer antipsychotics
on the hypermotility induced by two dose levels of d-amphet-
amine. Eur. J. Pharmacol. 1995, 283, 55-62.

(43) Millan, M. J.; Brocco, M.; Gobert, A.; Joly, F.; Bervoets, K.; Rivet,
J.; Newman-Tancredi, A.; Audinot, V.; Maurel, S. Contrasting
mechanisms of action and sensitivity to antipsychotics of phen-
cyclidine versus amphetamine: importance of nucleus accum-
bens 5-HT2A sites for PCP-induced locomotion in the rat. Eur.
J. Neurosci. 1999, 11, 4419-4432.

(44) Kehne, J. H.; Baron, B. M.; Carr, A. A.; Chaney, S. F.; Elands,
J.; Feldman, D. J.; Frank, R. A.; Van Giersbergen, P. L. M.;
McCloskey, T. C.; Johnson, M. P.; McCarty, D. R.; Poirot, M.;
Senyah, Y.; Siegel, B. W.; Widmaier, C. Preclinical characteri-
sation of the potential of the putative atypical antipsychotic MDL
100,907 as a potent 5-HT2A antagonist with a favorable CNS
safety profile. J. Pharmacol. Exp. Ther. 1996, 277, 968-981.

(45) Gleason, S. D.; Shannon, H. E. Blockade of phencyclidine-induced
hyperlocomotion by olanzapine, clozapine and serotonin receptor
subtype selective antagonists is mice. Psychopharmacology 1997,
129, 79-84.

(46) Maurel-Remy, S.; Bervoets, K.; Millan, M. J. Blockade of
phencyclidine-induced hyperlocomotion by clozapine and MDL
100,907 in rats reflects antagonism of 5-HT2A receptors. Eur. J.
Pharmacol. 1995, 280, R9-R11.

(47) Sams-Dodd, F. Distinct effects of d-amphetamine and phen-
cyclidine on the social behaviour of rats. Behav. Pharmacol.
1995, 6, 55-65.

(48) Sams-Dodd, F. Phencyclidine-induced stereotyped behaviour and
social isolation in the rat: a possible animal model of schizo-
phrenia. Behav. Pharmacol. 1996, 7, 3-23.

(49) Sams-Dodd, F. Effect of novel antipsychotic drugs on phen-
cyclidine-induced stereotyped behaviour and social isolation in
the rat social interaction test. Behav. Pharmacol. 1997, 8, 196-
215.

(50) Noda, Y.; Yamada, K.; Furukawa, H.; Nabeshima, T. Enhance-
ment of immobility in a forced swimming test by subacute or
repeated treatment with phencyclidine: a new model of schizo-
phrenia. Br. J. Pharmacol. 1995, 116, 2531-2537.

(51) Noda, Y.; Mamiya, T.; Furukawa, H.; Nabeshima, T. Effects of
antidepressants on phencyclidine-induced enhancement of im-
mobility in a forced swimming test in mice. Eur. J. Pharmacol.
1997, 324, 135-140.

(52) Mohn, A. R.; Gainetdinov, R. R.; Caron, M. G.; Koller, B. H. Mice
with reduced NMDA receptor expression display behaviours
related to schizophrenia. Cell 1999, 98, 427-436.

(53) Geyer, M. A. Behavioural studies of hallucinogenic drugs in
animals: implications for schizophrenia research. Pharmaco-
psychiatry 1998, 31, 73-79.

(54) Mansbach, R. S.; Geyer, M. A.; Braff, D. L. Dopaminergic
stimulation disrupts sensorimotor gating in the rat. Psycho-
pharmacology 1988, 94, 507-514.

(55) Peng, R. Y.; Mansbach, R. S.; Braff, D. L.; Geyer, M. A. A D2
dopamine receptor agonist disrupts sensorimotor gating in
rats: Implications for dopaminergic abnormalities in schizo-
phrenia. Neuropsychopharmacology 1990, 3, 211-218.

(56) Davis, M.; Mansbach, R. S.; Swerdlow, N. R.; Campeau, S.; Braff,
D. L.; Geyer, M. A. Apomorphine disrupts the inhibition of
acoustic startle induced by weak prepulses in rats. Psychophar-
macology 1990, 102, 1-4.

(57) Mansbach, R. S.; Geyer, M. A. Effects of phencyclidine and
phencyclidine biologs on sensorimotor gating in the rat. Neu-
ropsychopharmacology 1989, 2, 299-308.

(58) Rigdon, G. C.; Viik, K. Prepulse inhibition as a screening test
for potential antipsychotics. Drug Dev. Res. 1991, 23, 91-99.

(59) Keith, V. A.; Mansbach, R. S.; Geyer, M. A. Failure of haloperidol
to block the effects of phencyclidine and dizocilpine on prepulse
inhibition of startle. Biol. Psychiatry 1991, 30, 557-566.

(60) Bakshi, V. P.; Swerdlow, N. R.; Geyer, M. A. Clozapine antago-
nises phencyclidine-induced deficits in sensorimotor gating of
the startle response. J. Pharmacol. Exp. Ther. 1994, 271, 787-
794.

(61) Bakshi, V. P.; Geyer, M. A. Antagonism of phencyclidine-induced
deficits in prepulse inhibition by the putative atypical antipsy-
chotic olanzapine. Psychopharmacology 1995, 122, 198-201.

(62) Swerdlow, N. R.; Bakshi, V.; Geyer, M. A. Quetiapine restores
sensorimotor gating in phencyclidine-treated rats. J. Pharmacol.
Exp. Ther. 1996, 279, 1290-1299.

(63) Geyer, M. A.; Wilkinson, L. S.; Humby, T.; Robbins, T. W.
Isolation rearing of rats produces a deficit in prepulse inhibition
of acoustic startle similar to that in schizophrenia. Biol. Psy-
chiatry 1993, 34, 361-372.

(64) Jones, G. H.; Hernandez, T. D.; Kendall, D. A.; Marsden, C. A.;
Robbins, T. W. Dopaminergic and serotonergic function following
isolation rearing in rats: study of behavioural responses and
postmortem and in vivo neurochemistry. Pharmacol. Biochem.
Behav. 1992, 43, 17-35.

(65) Varty, G. B.; Higgins, G. A. Examination of drug-induced and
isolation-induced disruptions of prepulse inhibition as models
to screen antipsychotic drugs. Psychopharmacology 1995, 122,
15-26.

(66) Bakshi, V. P.; Swerdlow, N. R.; Braff, D. L.; Geyer, M. A.
Reversal of isolation rearing-induced deficits in prepulse inhibi-
tion by quetiapine and olanzapine. Biol. Psychiatry 1998, 43,
436-445.

(67) Lucki, I.; Nobler, M. S. The acute effects of antidepressant drugs
on the performance of conditioned avoidance behaviour in rats.
Pharmacol. Biochem. Behav. 1985, 22, 261-264.

(68) Ogren, S. O.; Archer, T. Effects of typical and atypical antipsy-
chotic drugs on two-way active avoidance. Relationship to DA
receptor blocking profile. Psychopharmacology 1994, 114, 383-
391.

(69) Coward, D. M. General pharmacology of clozapine. Br. J.
Psychiatry Suppl. 1992, 17, 5-11.

(70) Grant, S.; Fitton, A. Risperidone: A review of its pharmacology
and therapeutic potential in the treatment of schizophrenia.
Drugs 1994, 48, 253-273.

(71) Moore, N. A.; Tye, N. C.; Axton, M. S.; Risius, F. C. The
behavioural pharmacology of olanzapine, a novel “atypical”
antipsychotic agent. J. Pharmacol. Exp. Ther. 1992, 262, 545-
551.

(72) Seeger, T. F.; Seymour, P. A.; Schmidt, A. W.; Zorn, S. H.; Schulz,
D. W.; Lebel, L. A.; McLean, S.; Guanowsky, V.; Howard, H. R.;
Lowe, J. A.; Heym, J. Ziprasidone (CP-88,059): A new antipsy-
chotic with combined dopamine and serotonin receptor antago-
nist activity. J. Pharmacol. Exp. Ther. 1995, 275, 101-113.

(73) Hoffman, D. C.; Donovan, H. Catalepsy as a rodent model for
detecting antipsychotic drugs with extrapyramidal side effect
liability. Psychopharmacology 1995, 120, 128-133.

(74) Creese, I.; Iversen, S. D. The pharmacological and anatomical
substrates of the amphetamine response in the rat. Brain Res.
1975, 83, 419-436.

(75) Kelly, P. H.; Seviour, P. W.; Iversen, S. D. Amphetamine and
apomorphine responses in the rat following 6-OHDA lesions of
the nucleus accumbens septi and corpus striatum. Brain Res.
1975, 94, 507-522.

(76) Kelley, A. E.; Lang, C. G.; Gauthier, A. M. Induction of oral
stereotypy following amphetamine microinjection into a discrete
subregion of the striatum. Psychopharmacology 1988, 95, 556-
559.

(77) Bristow, L. J.; Flatman, K. L.; Hutson, P. H.; Kulagowski, J. J.;
Leeson, P. D.; Young, L.; Tricklebank, M. D. The atypical
neuroleptic profile of the glycine/N-methyl-D-aspartate receptor
antagonist, L-701,324, in rodents. J. Pharmacol. Exp. Ther.
1996, 277, 578-585.

(78) Clemens, J. A.; Smalstig, E. B.; Sawyer, B. D. Antipsychotic
drugs stimulate prolactin release. Psychopharmacologia 1974,
40, 123-127.

(79) Lipska, B. K.; Jaskiw, G. E.; Weinberger, D. R. Postpubertal
emergence of hyperresponsiveness to stress and to amphetamine
after neonatal excitotoxic hippocampal damage: a potential
animal model of schizophrenia. Neuropsychopharmacology 1993,
9, 67-75.

(80) Wan, R. Q.; Corbett, R. Enhancement of postsynaptic sensitivity
to dopaminergic agonists induced by neonatal hippocampal
lesions. Neuropsychopharmacology 1997, 16, 259-268.

(81) Lipska, B. K.; Swerdlow, N. R.; Geyer, M. A.; Jaskiw, G. E.; Braff,
D. L.; Weinberger, D. R. Neonatal excitotoxic hippocampal
damage in rats causes post-pubertal changes in prepulse inhibi-
tion of startle and its disruption by apomorphine. Psychophar-
macology 1995, 122, 35-43.

496 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 4 Perspective



(82) Sams-Dodd, F.; Lipska, B. K.; Weinberger, D. R. Neonatal lesions
of the rat ventral hippocampus result in hyperlocomotion and
effects in social behaviour in adulthood. Psychopharmacology
1997, 132, 303-310.

(83) Chambers, R. A.; Moore, J.; McEvoy, J. P.; Levin, E. D. Cognitive
effects of neonatal hippocampal lesions in a rat model of
schizophrenia. Neuropsychopharmacology 1996, 15, 587-594.

(84) Wan R. Q.; Giovanni, A.; Kafka, S. H.; Corbett, R. Neonatal
hippocampal lesions induced hyperresponsiveness to amphet-
amine: behavioural and in vivo microdialysis studies. Behav.
Brain Res. 1996, 78, 211-223.

(85) Schroeder, H.; Grecksch, G.; Becker, A.; Bogerts, B.; Hoellt, V.
Alterations of the dopaminergic and glutamatergic neurotrans-
mission in adult rats with postnatal ibotenic acid hippocampal
lesion. Psychopharmacology 1999, 145, 61-66.

(86) Lipska, B. K.; Weinberger, D. R. Subchronic treatment with
haloperidol and clozapine in rats with neonatal excitotoxic
hippocampal damage. Neuropsychopharmacology 1994, 10, 199-
205.

(87) L.B. Unpublished results.
(88) Csernansky, J. G.; Bardgett, M. E. Limbic-cortical neuronal

damage and the pathophysiology of schizophrenia. Schizophr.
Bull. 1998, 24, 231-248.

(89) Kerwin, R.; Patel, S.; Meldrum, B. Quantitative autoradiographic
analysis of glutamate binding sites in the hippocampal formation
and schizophrenic brain post-mortem. Neuroscience 1990, 39,
25-32.

(90) Bardgett, M. E.; Jacobs, P.; Ratanasadudi, A.; Csernasky, J. G.
Schizophrenia-like hippocampal neuropathy in rats: Enhanced
sensitivity to stress, d-amphetamine and MK-801. Soc. Neuro-
science Abstr. 1995, 21, 238.

(91) Bardgett, M. E.; Jackson, J. L.; Taylor, G. T.; Csernansky, J. G.
Kainic acid decreases hippocampal neuronal number and in-
creases dopamine receptor binding in the nucleus accumbens:
An animal model of schizophrenia. Behav. Brain Res. 1995, 70,
153-164.

(92) Bardgett, M. E.; Salaris, S. L.; Jackson, J. L.; Harding, J.;
Csernansky, J. G. The effects of kainic acid lesions on dopam-
inergic responses to haloperidol and clozapine. Psychopharma-
cology 1997, 133, 142-151.

(93) Cattaneo, E.; Reinach, B.; Caputi, A.; Cattabeni, F.; Di Luca,
M. Selective in vitro blockade of neuroepithelial cells prolifera-
tion by methylazoxymethanol acetate, a molecule capable of
inducing long lasting functional impairments. J. Neurosci. Res.
1995, 41, 640-647.

(94) Tamaru, M.; Yoneda, Y.; Ogita, K.; Shimizu, J.; Matsutani, T.;
Nagata, Y. Excitatory amino acid receptors in brains of rats with
methylazoxymethanol-induced microencephaly. Neurosci. Res.
1992, 14, 13-25.

(95) De Feo, M. R.; Mecarelli, O.; Ricci, G. F. Seizure susceptibility
in immature rats with microencephaly induced by prenatal
exposure to methylazoxymethanol acetate. Pharmacol. Res.
1995, 31, 109-114.

(96) Watanabe, M.; Shimizu, K.; Kodama, Y.; Takishima, K.; Mamiya,
G.; Ichinowatari, N. Potentiating effects of methamphetamine
on the hyperactivity of microencephalic rats treated prenatally
with methylazoxymethanol: possible implication of hyperdopam-
inergia. Brain Res. 1995, 670, 173-180.

(97) Talamini, L. M.; Koch, T.; Ter Horst, G. J.; Korf, J. Methyl-
azoxymethanol acetate-induced abnormalities in the entorhinal
cortex of the rat: parallels with morphological findings in
schizophrenia. Brain Res. 1998, 789, 293-306.

(98) Fiore, M.; Talamini, L.; Angelucci, F.; Koch, T.; Aloe, L.; Korf,
J. Prenatal methylazoxymethanol acetate alters behaviour and
brain NGF levels in young rats: a possible correlation with the
development of schizophrenia-like deficits. Neuropharmacology
1999, 38, 857-869.

(99) Lijam, N.; Paylor, R.; McDonald, M. P.; Crawley, J. N.; Deng,
C. X.; Herrup, G.; Stevens, K. E.; Maccaferri, G.; McBain, C. J.;
Sussman, D. J.; Wynshaw-Borris, A. Social interaction and
sensorimotor gating abnormalities in mice lacking Dvl1. Cell
1997, 90, 895-905.

(100) Wood, G.; Tomasiewicz, H.; Rutishauser, U.; Magnuson, T.;
Quirion, R.; Rochford, J.; Srivastava, L. K. NCAM-180 knockout
mice display increased ventricle size and reduced prepulse
inhibition of startle. Neuroreport 1998, 9, 461-466.

(101) Tomasiewicz, H.; Ono, K.; Yee, D.; Thompson, C.; Goridis, C.;
Rutishauser, U.; Magnuson, T. Genetic deletion of a neural cell
adhesion molecule variant (N-CAM-180) produces distinct defi-
cits in the central nervous system. Neuron 1993, 11, 1163-1174.

(102) Tueting, P.; Costa, E.; Dwivedi, Y.; Guidotti, A.; Impagnatiello,
F.; Manev, R.; Pesold, C. The phenotypic characteristics of
heterozygous reeler mouse. Neuroreport 1999, 10, 1329-1334.

(103) D’Archangelo, G.; Curran, T. Reeler: new tales on an old mutant
mouse. Bioessays 1998, 20, 235-244.

(104) Goffinet, A. M. The Reeler gene: a clue to brain development
and evolution. Int. J. Dev. Biol. 1992, 36, 101-107.

(105) Hamner, M. B.; Arana, G. W. Hyperprolactinaemia in antipsy-
chotic treated patients CNS Drugs 1998,10, 209-222.

(106) Wagstaff, A. J.; Bryson, H. M. Clozapine: a review of its
pharmacological properties and therapeutic use in patients with
schizophrenia who are unresponsive to or intolerant of classical
antipsychotic agents. CNS Drugs 1995, 4, 370-400.

(107) Kane, J.; Honigfield, G.; Singer, J.; Meltzer, H. Clozapine for
the treatment-resistant schizophrenic. Arch. Gen. Psychiatry
1988, 45, 789-796.

(108) Meltzer, H. Y. Treatment-resistant schizophrenia - the role of
clozapine. Curr. Med. Res. Opin. 1997, 14, 1-20.

(109) Fleischhacker, W. W. Clozapine: a comparison with other novel
antipsychotics. J. Clin. Psychiatry 1999, 60, 30-34.

(110) McGurk, S. R. The effects of clozapine on cognitive functioning
in schizophrenia. J. Clin. Psychiatry 1999, 60, 24-29.

(111) Janssen P. A.; Niemegeers C. J.; Awouters F.; Schellekens K.
H.; Megens A. A.; Meert, T. F. Pharmacology of Risperidone (R
64 766), a new antipsychotic with serotonin-s2 and dopamine-
d2 antagonistic properties. J. Pharmacol. Exp. Ther. 1988, 244,
685-693.

(112) Kando, J. C.; Shepski, J. C.; Atterlee, W.; Patel, J. K.; Reams,
S. G.; Green, A. I. Olanzepine: a new antipsychotic agent with
efficacy in the management of schizophrenia. Ann. Pharmaco-
ther. 1997, 31, 1325-1334.

(113) Gunasekara, N. S.; Spencer, C. M. Quetiapine a review of its
use in schizophrenia. CNS Drugs 1998, 9, 325-340.

(114) Davis, R.; Markham, A. Ziprasidone. CNS Drugs 1997, 8, 153-
159.

(115) Prakash, A.; Lamb, H. M. Zotepine: a review of its pharmaco-
dynamic and pharmacokinetic properties and therapeutic ef-
ficacy in the management of schizophrenia. CNS Drugs 1998,
9, 153-175.

(116) Corbett, R.; Griffiths, L.; Shipley, J. E.; Shukla, U.; Strupczewski,
J. T.; Szczepanik, A. M.; Szewczak, M. R.; Turk, D. J.; Vargas,
H. M.; Kongsamut, S. Iloperidone: preclinical profile and early
clinical evaluation. CNS Drug Rev. 1997, 3, 120-147.

(117) Kane, J. M.; Tamminga, C. A. Sertindole (serdolect): preclinical
and clinical findings of a new atypical antipsychotic. Exp. Opin.
Invest. Drugs 1997, 6, 1729-1741.

(118) Reprinted by permission of Elsevier Science from “Do novel
antipsychotics have similar pharmacological characteristics? A
review of the evidence”, by Arnt, J.; Skarsfeldt, T. Neuropsy-
chopharmacology 18, 63-101, Copyright 1998 by American
College of Neuropsychopharmacology.

(119) Schotte, A.; Janssen, P. F. M.; Gommeren, W.; Luyten, W. H.
M. L.; Vangompel, P.; Lesarge, A. S.; Deloore, K.; Leysen, J. E.
Risperidone compared with new and reference antipsychotic
drugs - in vitro and in vivo receptor binding. Psychopharma-
cology 1996, 124, 57-73.

(120) Cunnigham Owens, D. G. Adverse effects of antipsychotic drugs.
Drugs 1996, 51, 895-930.

(121) Wirshing, D. A.; Wirshing, W. C.; Kysar, L.; Berisford, M. A.;
Goldsteing, D.; Pahsdag, J.; Mintz. J.; Marder, S. R. Novel
antipsychotics: comparison of weight gain liabilities. J. Clin.
Psychiatry 1999, 60, 358-363.

(122) Green, B. Focus on Olanzapine. Curr. Med. Res. Opin. 1999, 15,
79-85.

(123) Sanguinetti, M. C.; Jiang, C.; Curran, M. E.; Keating, M. T. A
mechanistic link between an inherited and an acquired cardiac
arrhythmia: hERG encodes the IKr potassium channel. Cell
1995, 81, 299-307.

(124) Fritze, J.; Bandelow, B. The QT interval and the atypical
antipsychotic, sertindole. Int. J. Psychiatry Clin. Pract. 998, 2,
265-273.

(125) Rampe, D.; Murawsky, M. K.; Grau, J.; Lewis, E. W. The
antipsychotic agent sertindole is a high affinity antagonist of
the human cardiac potassium channel hERG. J. Pharmacol. Exp.
Ther. 1998, 286, 788-793.

(126) Birch, A. M.; Bradley, P. A.; Gill, J. C.; Kerrigan, F.; Needham,
P. L. N-Substituted (2,3-dihydro-1,4-benzodioxin-2-yl)meth-
ylamine derivatives as D2 antagonists/5-HT1a partial agonists
with potential as atypical antipsychotic agents. J. Med. Chem.
1999, 42, 3342-3355.

(127) Reitz, A. B.; Bennett, D. J.; Blum, P. S.; Codd, E. E.; Maryanoff,
C. A.; Ortegon, M. E.; Renzi, M. J.; Scott, M. K.; Shank, R. P.;
Vaught, J. L. A New Arylpiperazine Antipsychotic with High
D2/D3/5-HT1A/R1A-Adrenergic Affinity and a Low Potential for
Extrapyramidal Effects. J. Med. Chem. 1994, 37, 1060-1062.

(128) Reitz, A. B.; Scott, M. K. Novel antipsychotics with unique D2/
5-HT1A affinity and minimal ext a Low Potential for Extrapy-
ramidal Effects. J. Med. Chem. 1994, 37, rapyramidal side effect
liability. Advances in Medicinal Chemistry; Maryan:ff, B. E.,
Maryanoff, C. A., Eds.; JAI: London, 1995; Vol. 3, pp 1-56.

Perspective Journal of Medicinal Chemistry, 2001, Vol. 44, No. 4 497



(129) Kleinbloesem, C. H.; Jaquet-Muller, F.; Al-Hamdan, Y.; Baldauf,
C.; Gisclon, L.; Wesnes, K.; Curtin, C. R.; Stubbs, R. J.; Walker,
S. A.; Brunner-Ferber, F. Incremental dosage of the new
antipsychotic mazapertine induces tolerance to cardiovascular
and cognitive effects in healthy men. Clin. Pharmacol. Ther.
1996, 59, 675-685.

(130) Sokoloff, P.; Giros, B.; Martres, M. P.; Bouthenet, M. L.;
Schwartz, J. C. Molecular cloning and characterization of a novel
dopamine receptor (D3) as a target for neuroleptics. Nature 1990,
347, 146-150.

(131) Van Tol, H. H. M.; Bunzow, J. R.; Guan, H. C.; Sunahara, R.
K.; Seeman, P.; Niznik, H. B.; Civelli, O. Cloning of the gene for
a human dopamine D4 receptor with high affinity for the
antipsychotic Clozapine. Nature 1991, 350, 610-614.

(132) Seeman, P. Dopamine receptor sequences: therapeutic levels of
neuroleptics occupy D2 receptors, Clozapine occupies D4. Neu-
ropsychopharmacoogy 1992, 7, 261-284.

(133) Seeman, P.; Guan, H. C.; Van Tol, H. H. M. Dopamine D4
receptors elevated in schizophrenia. Nature 1993, 365, 441-445.

(134) Seeman, P.; Guan, H. C.; Van Tol, H. H. M. Schizophrenia:
elevation of dopamine D4-like sites using [3H]nemonapride and
[125I]epidepride. Eur. J. Pharmacol. 1995, 286, R3-R5.

(135) Murray, A. M.; Hyde, T. M.; Knable, M. B.; Herman, M. M.;
Bigelow, L. B.; Carter, J. M.; Weinberger, D. R.; Kleinman, J.
E. Distribution of putative D4 dopamine receptors in postmortem
striatum from patients with schizophrenia. J. Neurosci. 1995,
15, 2186-2191.

(136) Marzella, P. L.; Hill, C.; Keks, N.; Singh, B.; Copolov, D. The
binding of both [3H]nemonapride and [3H]raclopride is increased
in schizophrenia. Biol. Psychiatry 1997, 42, 648-654.

(137) Reynolds, G. P.; Mason, S. L. Are striatal dopamine D4 receptors
increased in schizophrenia? J. Neurochem. 1994, 63, 1576-1577.

(138) Reynolds, G. P.; Mason, S. L. Absence of detectable striatal
dopamine D4 receptors in drug-treated schizophrenia. Eur. J.
Pharmacol. 1995, 281, R5-R6.

(139) Terai, M.; Hidaka, K.; Nakamura, Y. Comparison of [3H]YM-
09151-2 with [3H]spiperone and [3H]raclopride for dopamine D-2
receptor binding to rat striatum. Eur. J. Pharmacol. 1989, 173,
177-182.

(140) Helmeste, D. M.; Tang, S. W.; Fang, H.; Li, M. Brain σ receptors
labeled by [3H]nemonopride. Eur. J. Pharmacol. 1996, 301, R1-
R3.

(141) Nodo-Saita, K.; Matsumoto, M.; Hidaka, K.; Hatanaka, K.;
Ohmori, J.; Okada, M.; Yamaguchi, T. Dopamine D4-like binding
sites labeled by [3H]nemonapride include substantial serotonin
5-HT2A receptors in primate cerebral cortex. Biochem. Biophys.
Res. Comm. 1999, 255, 367-370.

(142) Lahti, R. A.; Roberts, R. C.; Cochrane, E. V.; Primus, R. J.;
Gallager, D. W.; Conley, C. C.; Tamminga, C. A. Direct deter-
mination of dopamine D4 receptors in normal and schizophrenic
postmortem brain tissue: a [3H]NGD-94-1 study. Mol. Psychiatry
1998, 3, 528-533.

(143) Thurkauf, A.; Yuan, J.; Chen, X.; He, X. S.; Wasley, J. W. F.;
Woodruff, K. H.; Meade, R.; Hoffman, D. C.; Donovan, H.; Jones-
Hertzog, D. K. 2-Phenyl-4(5)-[[4-(pyrimidin-2-yl)piperazin-1-yl]-
methyl]imidazole. A highly selective antagonist at cloned human
D4 receptors. J. Med. Chem. 1997, 40, 1-3.

(144) Tallman, J. F.; Primus, R. J.; Brodbeck, R.; Cornfield, L.; Meade,
R.; Woodruff, K.; Ross, P.; Thurkauf, A.; Gallager, D. W. NGD
94-1: identification of a novel, high-affinity antagonist at the
human dopamine D4 receptor. J. Pharmacol. Exp. Ther. 1997,
282, 1011-1019.

(145) TenBrink, R. E.; Bergh, C. L.; Duncan, J. N.; Harris, D. W.; Huff,
R. M.; Lahti, R. A.; Lawson, C. F.; Lutzke, B. S.; Martin, I. J.;
Rees, S. A.; Schlacter, S. K.; Sih, J. C.; Smith. M. W. (S)-(-)-4-
[4-[2-(Isochroman-1-yl)ethyl]piperazin-1-yl]benzenesul-
fonamide, a selective dopamine D4 antagonist. J. Med. Chem.
1996, 39, 2435-2437.

(146) Merchant, K. M.; Gill, G. S.; Harris, D. W.; Huff, R. M.; Eaton,
M. J.; Lookingland, K.; Lutzke, B. S.; McCall, R. B.; Piercey, M.
F.; Schreur, P. J. K. D.; Sethy, V. H.; Smith, M. W.; Svensson,
K. A.; Tang, A. H.; Vonvoigtlander, P. F.; Tenbrink, R. E.
Pharmacological characterization of U-101387, a dopamine D4
receptor selective antagonist. J. Pharmacol. Exp. Ther. 1996,
279, 1392-1403.

(147) Belliotti, T. R.; Brink, W. A.; Kesten, S. R.; Rubin, J. R.; Wustrow,
D. J.; Zoski, K. T.; Whetzel, S. Z.; Corbin, A. E.; Pugsley, T. A.;
Heffner, T. G.; Wise, L. D. Isoindolinone enantiomers having
affinity for the dopamine D4 receptor. Bioorg. Med. Chem. Lett.
1998, 8, 1499-1502.

(148) Kesten, S. R.; Heffner, T. G.; Johnson, S. J.; Pugsley, T. A.;
Wright, J. L.; Wise, L. D. Design, synthesis, and evaluation of
chromen-2-ones as potent and selective human dopamine D4
antagonists. J. Med. Chem. 1999, 42, 3718-3725.

(149) Millan, M. J.; Newman-Tancredi, A.; Brocco, M.; Gobert, A.;
Lejeune, F.; Audinot, V.; Rivet, J. M.; Schrieber, R.; Dekeyne,
A.; Spedding, M.; Nicholas, J. P.; Peglion, J. L. S 18126 ({2-[4-
(2,3-dihydrobenzo[1,4]dioxin-6-yl)piperazin-1-yl methyl]indan-

2-yl}), a potent, selective and competitive antagonist at dopa-
mine D4 receptors: An in vitro and in vivo comparison with
L-745,870 (3-(4-[4-chlorophenyl]piperazin-1-yl)methyl-1H-pyrrolo-
[2,3b]pyridine) and raclopride. J. Pharmacol. Exp. Ther. 1998,
287, 167-186.

(150) Sanner, M. A.; Chappie, T. A.; Dunaiskis, A. R.; Fliri, A. F.;
Desai, K. A.; Zorn, S. H.; Jackson, E. R.; Johnson, C. G.; Morrone,
J. M.; Seymour, P. A.; Majchrzak, M. J.; Faraci, W. S.; Collins,
J. L.; Duignan, D. B.; Di Prete, C. C.; Lee, J. S.; Trozzi, A.
Synthesis, SAR and pharmacology of CP-293,019: a potent,
selective dopamine D4 receptor antagonist. Bioorg. Med. Chem.
Lett. 1998, 8, 725-730.

(151) Carhart, R.; Smith D. H.; Venkataraghavan R. Atom pairs as
molecular features in structure-activity studies: definition and
applications. J. Chem. Inf. Comput. Sci. 1985, 25, 64-73.

(152) Sheridan, R.; Kearsley, S. K. Molecular Systems Department,
MRL, Rahway, NJ.

(153) Rowley, M.; Collins, I.; Broughton, H. B.; Davey, W. B.; Baker,
R.; Emms, F.; Marwood, R.; Patel, S.; Patel, S.; Ragan, C. I.;
Freedman, S. B.; Ball, R.; Leeson, P. D. 4-Heterocyclylpiperidines
as selective high-affinity ligands at the human dopamine D4
receptor. J. Med. Chem. 1997, 40, 2374-2385.

(154) Collins, I.; Rowley, M.; Davey, W. B.; Emms, F.; Marwood, R.;
Patel, S.; Patel, S.; Fletcher, A.; Ragan, I. C.; Leeson, P. D.; Scott,
A. L.; Broten, T. 3-(1-Piperazinyl-4,5-dihydro-1H-benzo[g]inda-
zoles: high affinity ligands for the human dopamine D4 receptor
with improved selectivity over ion channels. Bioorg. Med. Chem.
1998, 6, 743-753.

(155) Carling, R. W.; Moore, K. W.; Moyes, C. R.; Jones, E. A.; Bonner,
K.; Emms, F.; Marwood, R.; Patel, S.; Patel, S.; Fletcher, A. E.;
Beer, M.; Sohal, B.; Pike, A.; Leeson, P. D. 1-(3-Cyanobenzylpi-
peridin-4-yl)-5-methyl-4-phenyl-1,3-dihydroimidazole-2-one: a
selective high-affinity antagonist for the human dopamine D4
receptor with excellent selectivity over ion channels. J. Med.
Chem. 1999, 42, 2706-2715.

(156) Kulagowski, J. J.; Broughton, H. B.; Curtis, N. R.; Mawer, I.
M.; Ridgill, M. P.; Baker, R.; Emms, F.; Freedman, S. B.;
Marwood, R.; Patel, S.; Patel, S.; Ragan, C. I.; Leeson, P. D. 3-[[4-
(4-Chlorophenyl)piperazin-1-yl]methyl]-1H-pyrrolo[2,3-b]pyridine:
An antagonist with high affinity and selectivity for the human

dopamine D4 receptor. J. Med. Chem. 1996, 39, 1941-1942.
(157) Patel, S.; Freedman, S.; Chapman, K. L.; Emms, F.; Fletcher,

A. E.; Knowles, M.; Marwood, R.; Mcallister, G.; Myers, J.; Patel,
S.; Curtis, N.; Kulagowski, J. J.; Leeson, P. D.; Ridgill, M.;
Graham, M.; Matheson, S.; Rathbone, D.; Watt, A. P.; Bristow,
L. J.; Rupniak, N. M. J.; Baskin, E.; Lynch, J. J.; Ragan, C. I.
Biological profile of L-745,870, a selective antagonist with high-
affinity for the dopamine D4 receptor. J. Pharmacol. Exp. Ther.
1997, 283, 636-647.

(158) Pillai, G.; Brown, N. A.; McAllister, G.; Milligan, G.; Seabrook,
G. R. Human D2 and D4 dopamine receptors couple through âγ
G-protein subunits to inwardly rectifying K+ channels (GIRK1)
in a Xenopus oocyte expression system: selective antagonism
by L-741,626 and L-745,870, respectively. Neuropharmacology
1998, 37, 983-987.

(159) Gazi, L.; Bobirnac, I.; Danzeisen, M.; Schupbach, E.; Bruinvels,
A. T.; Geisse, S.; Sommer, B.; Hoyer, D.; Tricklebank, M.;
Schoeffter, P. The agonist activities of the putative antipsychotic
agents, L-745,870 and U-101958 in HEK293 cells expressing the
human dopamine D4. 4 receptor. Br. J. Pharmacol. 1998, 124,
889-896.

(160) Gazi, L.; Bobirnac, I.; Danzeisen, M.; Schupback, E.; Langeneg-
ger, D.; Sommer, B.; Hoyer, D.; Tricklebank, M.; Schoeffter, P.
Receptor density as a factor governing the efficacy of the
dopamine D4 receptor ligands, L-745,870 and U-101958 at
human recombinant D4. 4 receptors expressed in CHO cells. Br.
J. Pharmacol. 1999, 128, 613-620.

(161) Mansbach, R. S.; Brooks, E. W.; Sanner M. A.; Zorn, S. H.
Selective dopamine D4 receptor antagonists reverse apomor-
phine-induced blockade of prepulse inhibition. Psychopharma-
cology 1998, 135, 194-200.

(162) Ralph, R. J.; Varty, G. B.; Kelly M. A.; Wang, Y. M.; Caron, M.
G.; Rubinstein, M.; Grandy, D. K.; Low, M. J.; Geyer, M. A. The
dopamine D2, but not D3 or D4, receptor subtype is essential for
the disruption of prepulse inhibition produced by amphetamine
in mice. J. Neurosci. 1999, 19, 4627-4633.

(163) Kramer, M. S.; Last, B.; Getson, A.; Reines, S. A. The effects of
a selective D4 dopamine receptor antagonist (L-745,870) in
acutely psychotic inpatients with schizophrenia. Arch. Gen.
Psychiatry. 1997, 54, 567-572.

(164) Lopez-Gimenez, J. F.; Mengod, G.; Palacios, J. M.; Vilaro, M. T.
Selective visualization of rat brain 5-HT2A receptors by autora-
diography with [3H] MDL 100,907. Naunyn Schmiedeberg’s Arch.
Pharmacol. 1997, 356, 446-454.

498 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 4 Perspective



(165) Tanaka, N.; Goto, R.; Ito, R.; Hayakawa, M.; Ogawa, T.;
Fujimoto, K.. [2-(ω-phenylalkyl)phenoxy]alkylamines: synthesis
and dual dopamine2 (D2) and 5-Hydroxytrpytamine (5-HT2)
Receptor Antagonistic Activity. Chem. Pharm. Bull. 1998, 46,
639-646.

(166) Kikumoto, R.; Hara, H.; Ninomiya, K.; Osakabe, M.; Sugano,
M.; Fukami, H.; Tamao, Y.. Syntheses and platelet aggregation
inhibitory and antithrombotic properties of [2-[(ω-Aminoalkoxy)-
phenyl]benzenes. J. Med. Chem. 1990, 33, 1818-1823.

(167) Rinaldi-Carmona, M.; Congy, C.; Santucci, V.; Simiand, J.;
Gautret, B.; Neliat, G.; Labeeuw, B.; Le Fur, G.; Soubrie, P.;
Breliere, J. C. Biochemical and pharmacological properties of
SR 46349B, a new potent and selective 5-hydroxytryptamine2
receptor antagonist J. Pharmacol. Exp. Ther. 1992, 262, 759-
68.

(168) P.H. and Patel, S. Unpublished results.
(169) Castro Pineiro, J. L.; Hutchins, S. M.; Lewis, S. J.; Rowley, M.;

Smith, S. L.; Stevenson, G. I. Preparation of phenylindoles as
5-HT2A receptor ligands. WO 9911619, 1999.

(170) Malleron, J.-L.; Comte, M.-T.; Gueremy, C.; Peyronel, J. F.;
Truchon, A.; Blanchard, J. C.; Doble, A.; Piot, O.; Zundel, J.-L.;
Huon, C.; Martin, B.; Mouton, P.; Viroulaud, A.; Allam, D.;
Betschart, J. Naphthosultam derivatives: a new class of potent
and selective 5-HT2 antagonists. J. Med. Chem. 1991, 34, 2477-
83.

(171) Heuillet, E.; Petitet, F.; Mignani, S.; Malleron, J.-L.; Lavayre,
J.; Neliat, G.; Doble, A.; Blanchard, J.-C. The naphthosultam
derivative RP 62203 (fananserin) has high affinity for the
dopamine D4 receptor. Eur. J. Pharmacol. 1996, 314, 229-233.

(172) Leysen, D.; Linders, J. T. M.; Ottenheijm, H. C. J. 5-HT2
Antagonists: a concept for the treatment of schizophrenia. Curr.
Pharm. Des. 1997, 131, 367-390.

(173) Andersen, K.; Liljefors, T.; Gundertofte, K.; Perregaard, J.;
Bogeso, K. P. development of a receptor-interaction model for
serotonin 5-HT2 receptor antagonists. Predicting selectivity with
respect to dopamine d2 receptors. J. Med. Chem. 1994, 37, 950-
962.

(174) Herndon, J. L.; Ismaiel, A.; Ingher, S. P.; Teitler, M.; Glennon,
R. A. Ketanserin analogues: structure-affinity relationships for
5-HT2 and 5-HT1C serotonin receptor binding. J. Med. Chem.
1992, 35, 4903-10.

(175) Ismaiel, A. M.; Arruda, K.; Teitler, M.; Glennon, R. A. Ketanserin
Analogues: The effect of structural modification on 5-HT2
serotonin receptor binding. J. Med. Chem. 1995, 38, 1196-202.

(176) Koerner, J. E.; Dage, R. C. Antiarrhythmic and electrophysiologic
effects of MDL 11,939, a novel class III antiarrhythmic agent
in anesthetized dogs. J. Cardiovasc. Pharmacol. 1990, 16, 383-
93.

(177) Sramek, J. J.; Robinson, R. E.; Suri, A.; Cutler, N. R. Efficacy
trial of the 5-HT2 antagonist MDL 11,939 in patients with
generalized anxiety disorder. J. Clin. Psychopharmacol. 1995,
15, 20-22.

(178) Scott, D. O.; Heath, T. G. Investigation of the CNS penetration
of a potent 5-HT2a receptor antagonist (MDL 100,907) and an
active metabolite (MDL 105,725) using in vivo microdialysis
sampling in the rat. J. Pharm. Biomed. Anal. 1998, 17, 17-25.

(179) O’Connor, D. Merck unpublished results.
(180) Gleason, S. D.; Shannon, H. E. Blockade of phencyclidine-induced

hyperlocomotion by olanzapine, clozapine and serotonin receptor
subtype selective antagonists in mice. Psychopharmacology
1997, 129, 79-84.

(181) Murray, F.; Garrett, L.; Hutson, P. H.; Bristow, L. J. The
selective 5-HT2A receptor antagonist MDL 100,907 attenuates
the behavioural and neurochemical effects of PCP in rodents.
Br. J. Pharmacol. 1998, 123, 241P.

(182) Schmidt, C. J.; Sullivan, C. K.; Fadayel, G. M. Blockade of
striatal 5-hydroxytryptamine2 receptors reduces the increase in
extracellular concentrations of dopamine produced by the am-
phetamine analogue 3,4-methylenedioxymethamphetamine. J.
Neurochem. 1994, 62, 1382-1389.

(183) Kehne, J. H.; Ketteler, H. J.; McCloskey, T. C.; Sullivan, C. K.;
Dudley, M. W.; Schmidt, C. J. Effects of the selective 5-HT2A
receptor antagonist MDL 100,907 on MDMA-induced locomotor
stimulation in rats. Neuropsychopharmacology 1996, 15, 116-
124.

(184) Sorensen, S. M.; Kehne, J. H.; Fadayel, G. M.; Humphreys, T.
M.; Ketteler, H. J.; Sullivan C. K.; Taylor, V. L.; Schmidt, C. J.
Characterisation of the 5-HT2 receptor antagonist MDL 100,907
as a putative atypical antipsychotic: Behavioural, electrophysi-
ological and neurochemical studies. J. Pharmacol. Exp. Ther.
1993, 266, 684-691.

(185) Varty, G. B.; Bakshi, V. P.; Geyer, M. A. MDL 100,907, a
serotonin 5-HT2A receptor antagonist and putative antipsychotic,
blocks dizocilpine-induced prepulse inhibition deficits in Spra-
gue-Dawley and Wistar rats. Neuropsychopharmacology 1999,
20, 311-321.

(186) Grunder, G.; Yokoi, F.; Offord, S. J.; Ravert, H. T.; Dannals, R.
F.; Salzmann, J. K.; Szymanski, S.; Wilson, P. D.; Howard, D.
R.; Wong, D. F. Time course of 5-HT2A receptor occupancy in
the human brain after a single oral dose of the putative
antipsychotic drug MDL 100,907 measured by positron emission
tomography. Neuropsychopharmacology 1997, 17, 175-185.

(187) Talvik-Lotfi, M.; Nyberg, S.; Nordström, A.-L.; Ito, H.; Halldin,
C.; Brunner, F.; Farde, L. High 5HT2A receptor occupancy in
M100907-treated schizophrenic patients. Psychopharmacology,
2000, 148, 400-403.

(188) Offord, S. J. M100907, a highly selective 5-HT2A antagonist for
treatment of schizophrenia: early indication of safety and
clinical activity in schizophrenic patients. Collegium Interna-
tionale Neuropsychopharmacologicum Congress, Glasgow, 1998,
Abstracts PT10052.

(189) Scrip, July 1999, 2458, p21.
(190) Truffinet, P.; Tamminga, C. A.; Fabre, L. F.; Meltzer, H. Y.;

Rivière, M.-E.; Papillon-Downey, C. Placebo controlled study of
the D4/5-HT2A antagonist fananserin in the treatment of schizo-
phrenia. Am. J. Psychiatry 1999, 156, 419-425.

(191) Doble, A.; Girdlestone, D.; Piot, O.; Allam, D.; Betschart, J.;
Boireau, A.; Dupuy, A.; Gueremy, C.; Ménager, J.; Zundel, J.
L.; Blanchard, J. C. Pharmacological characterization of RP
62203, a novel 5-hydroxytryptamine 5-HT2 receptor antagonist.
Br. J. Pharmacol. 1992, 105, 27-36.

(192) Roth, B. L.; Meltzer, H. Y.; Khan, N. Binding of typical and
atypical antipsychotic drugs to multiple neurotransmitter recep-
tors. Adv. Pharmacol. (San Diego) 1998, 42, 482-485.

(193) Sucher, N. J.; Akbarian, S.; Chi, C. L.; Leclerc, C. L.; Awobuluyi,
M.; Deitcher, D. L.; Wu, M. K.; Yuan, J. P.; Jones, E. G.; Lipton,
S. A. Develomental and regional expression pattern of a novel
NMDA receptor-like subunit (NMDAR-L) in the rodent brain.
J. Neurosci. 1995, 15, 6509-6520.

(194) Ciabarra, A. M.; Sulivan, J. M.; Gahn, L. G.; Pecht, G.; Heine-
mann, S.; Sevarino, A. Cloning and characterization of ø-1: a
developmentally regulated member of a novel class of the
ionotropic glutamate receptor family. J. Neurosci. 1995, 15,
6498-6508.

(195) Hirai, H.; Kirsch, J.; Laube, B.; Betz, H.; Kushe, J. The glycine
binding site of the N-methyl-D-aspartate receptor subunit
NR1: Identification of novel determinants of co-agonist poten-
tiation in the extracellular M3-M4 loop region. Proc. Natl. Acad.
Sci. U.S.A. 1996, 93, 6031-6036.

(196) Masuco, T.; Kashiwagi, K.; Kuno, T.; Nguyen, N. D.; Pahk, A.
J.; Fukuchi, J.-I.; Igarashi, K.; Williams, K. A regulatory domain
(R1-R2) in the amino terminus of the N-methyl-D-Aspartate
receptor effects of spermine, protons, and ifenprodil, and struc-
tural similarity to bacterial leucine/isoleucine/valine binding
protein. Mol. Pharmacol. 1999, 55, 957-969.

(197) Williams, K. Ifenprodil discriminates subtypes of the N-methyl-
D-aspartate receptor: selectivity and mechanisms at recombi-
nant heteromeric receptors. Mol. Pharmacol. 1993, 44, 851-859.

(198) Potkin, S. G.; Costa, J.; Roy, S.; Sramek, J.; Jin, Y.; Gulasekar-
eam, B. Glycine in the treatment of schizophrenia. Novel
Antipyschotic Drugs 1992, 179-188.

(199) Javitt, D. C.; Zylberman, I.; Zukin, S. R.; Heresco-Levy, U.;
Lindenmayer, J.-P. Amelioration of negative symptoms in
schizophrenia by glycine. Am. J. Psychiatry 1994, 151, 1234-
1236.

(200) Potkin, S. G.; Jin, Y. J.; Bunney, B. G.; Costa, J.; Gulasekaream,
B. Effect of Clozapine and adjunctive high dose glycine in
treatment-resistant schizophrenia. Am. J. Psychiatry 1999, 156,
145-147.

(201) Rosse, R. B.; Schwartz, B. L.; Leighton, M. P.; Davis, R. E.;
Deutch, S. I. An open-label trial of milacemide in schizophre-
nia: an NMDA intervention strategy. Clin. Neuropharmacol.
1990, 13, 348-354.

(202) Van Berckel, B. N. M.; Evenblij, C. N.; Van loon, B. J. A. M.;
Maas, M. F.; Van Der Geld, M. A. M.; Wynne, H. J.; Van Ree, J.
M.; Kahn, R. S. D-Cycloserine increases positive symptoms in
chronic schizophrenic patients when administered in addition
to antipsychotics: a double blind parallel placebo controlled
study Neuropsychopharmacology 1999, 21, 203-210.

(203) D’Souza, D. C.; Charney, D.; Krystal, J. Glycine site agonists of
the NMDA receptor: a review. CNS Drug Rev. 1995, 1, 227-
260.

(204) Semba, J.; Doheny, M.; Patsolos, P. N.; Sarna, G.; Curzon, G.
Effect of milacemide on extracellular and tissue concentrations
of dopamine and 5-hydroxytryptamine in rat frontal cortex. Br.
J. Pharmacol. 1992, 105, 59-62.

(205) Liu, Q.-R.; Lopez-Corcuera, B.; Mandiyan, S.; Nelson, H.; Nelson,
N. Cloning and expression of a spinal cord and brain specific
glycine transporter with novel structural features J. Biol. Chem.
1993, 268, 22802-22808.

(206) Luque, J. M.; Nelson, N.; Richards, J. G. Cellular expression of
glycine transporter 2 messenger RNA exclusively in rat hind-
brain and spinal cord. Neuroscience 1995, 64, 525-535.

Perspective Journal of Medicinal Chemistry, 2001, Vol. 44, No. 4 499



(207) Guastella, J.; Brecha, N.; Weigmann, C.; Lester, H. A.; Davidson,
N. Cloning, expression and localisation of a rat brain high
affinity glycine transporter. Proc. Natl. Acad. Sci. U.S.A. 1992,
89, 7189-7193.

(208) Zafra, F.; Aragon, C.; Olivares, L.; Danbolt, N. C.; Gimenez, C.;
Storm-Mathisen, J. Glycine transporters are differentially ex-
pressed among CNS cells. J. Neurosci. 1995, 15, 3952-3969.

(209) Bergeron Greene, R. W. Modulation of N-methyl-D-aspartate
receptor function by glycine transport. Proc. Natl. Acad. Sci.
U.S.A. 1998, 95 15730-15734.

(210) Javitt, D. C.; Frusciante, M. Glycyldodecylamide, a phencyclidine
behavioural antagonist blocks cortical glycine uptake. Implica-
tion for schizophrenia and substance abuse. Psychopharmacology
1997, 129, 96-98.

(211) Javitt, D. C.; Sershen, H.; Hashim, A.; Lajtha, A. Reversal of
phencyclidine-induced hyperactivity by glycine and the glycine
uptake inhibitor glycyldodecylamide Neuropsychopharmacology
1997, 17, 202-204.

(212) Hamilton, J. G. W.; Collie, I.; Shahid, M.; Hill, D.; Mason, A.;
Walker, G. Effect of ORG 24598 on glycine levels in brain regions
of freely moving rats Soc. Neurosci. Abstr. 1999, 25, 68. 2 p 165.

(213) Testa, C. M.; Standaert, D. G.; Young, A. B.; Penney, J. B., Jr.
Metabotropic glutamate receptor mRNA expression in the basal
ganglia of the rat. J. Neurosci. 1994, 14, 3005-3018.

(214) Saaan, A. I.; Bymaster, F. P.; Schoepp, D. D. Metabotropic
glutamate receptor activation produces extrapyramidal motor
system activation that is mediated by striatal dopamine. J.
Neurochem. 1992, 59, 245-251.

(215) Attarian, S.; Amalric, M. Microinfusion of the metabotropic
glutamate receptor agonist 1S,3R-1-aminocyclopentane-1,3-di-
carboxylic acid into the nucleus accumbens induces dopamine
dependent locomotor activation in rat. Eur. J. Neuroscience 1997,
9, 809-816.

(216) Ohno, M.; Watanabe, S. Persistent increase in dopamine release
following activation of metabotropic glutamate receptors in the
rat nucleus accumbens. Neurosci. Lett. 1995, 200, 113-116.

(217) Gang, H.; Duffy, P.; Swanson, C.; Ghasemzadeh, M. B.; Kalivas,
P. W. The regulation of dopamine transmission by metabotropic
glutamate receptors. J. Pharmacol. Exp. Ther. 1999, 289, 412-
416.

(218) Cartmell, J.; Monn, J. A.; Schoepp, D. D. The metabotropic
glutamate 2/3 receptor agonists LY354740 and LY379268 se-
lectively attenuate phencyclidine versus d-amphetamine motor
behaviours in rats. J. Pharmacol. Exp. Ther. 1999, 291, 161-
170.

(219) Monn, J. A.; Valli, M. J.; Massey, S. M.; Hansen, M. M.; Kress,
T. J.; Wepsiec, J. P.; Harkness, A. R.; Grutsch, J. L.; Wright, R.
A.; Johnson, B. G.; Andis, S. L.; Kingston, A. A.; Tomlinson, R.;
Lewis, R.; Griffey, K. R.; Tizzano, J. P.; Schoepp, D. D. Synthesis
pharmacological characterization and molecular modelling of
heterobicyclic amino acids related to LY 354740: Identification
of two new potent selective and systemically active agonists for
group II metabotropic glutamate receptors. J. Med. Chem. 1999,
42, 1027-1040.

(220) Cozzi, A.; Attucci, S.; Peruginelli, F.; Marinozzi, M.; Luneia, R.;
Pellicciari, R.; Moroni, F. Type 2 metabotropic glutamate (mGlu)
receptors tonically inhibit transmitter release in rat caudate
nucleus: In vivo studies with (2S,1′S,2′S,3′R)-2-(2′-carboxy-3′-
phenylcyclopropyl)glycine, a new potent and selective antagonist.
Eur. J. Neurosci. 1997, 9, 1350-1355.

(221) Battaglia, G.; Monn, J. A.; Schoepp, D. D. In vivo inhibition of
vetratradine evoked release of striatal excitatory amino acids
by the group II metabotropic glutamate receptor agonist LY
354740 in rats. Neurosci. Lett. 1997, 229, 161-164.

(222) Petralia, R. S.; Wang, Y.-X.; Niedzeilski, A. S.; Wenthold, R. J.
The metabotropic glutamate receptors mGluR2 and mGluR3
show unique postsynaptic presynaptic and glial cell localizations.
Neurosci. 1996, 71, 949-976.

(223) Moghadam, B.; Adams, B. W. Reversal of phencylclidine effects
by a group II metabotropic glutamate receptor agonist in rats.
Science 1998, 281, 1349-1352.

(224) Foley, P. Vetratradine stimulated release of preloaded [3H]-
glutamate from guinea pig cerebrocortical synaptosomes is
inhibited by metabotropic glutamate receptor agonists. Br. J.
Pharmacol. 1995, 116, P111.

(225) Schreiber, R.; Lowe, D.; Voerste, A.; DeVry, J. LY 354740 affects
startle responding but not sensorimotor gating or discriminative
effects of phencyclidine. Eur. J. Pharmacol. 2000, 388, R3-R4.

(226) Bettler, B.; Mulle, C. Review: Neurotransmitter Receptors II
AMPA and kainate receptors Neuropharmacology 1995, 34,
123-139.

(227) Johnson S. A.; Luu, N. T.; Herbst, T. A.; Knapp, R.; Lutz, D.;
Arai, A.; Rogers, G. A.; Lynch, G. Synergistic interactions
between ampakines and antipsychotic drugs. J. Pharmacol. Exp.
Ther. 1999, 289, 392-397.

(228) Akbarian, S.; Bunney, W. E.; Potkin, S. G.; Wigal, S. B.; Hagman,
J. O.; Sandman, C. A.; Jones, E. G. Altered distribution of
nicotinamide-adenine dinucleotide phosphate -diaphorase cells
in frontal lobe of schizophrenics implies disturbances of cortical
development. Arch. Gen. Psychiatry 1993, 50, 169-177.

(229) Akbarian, S.; Vinuela, A.; Kim, J. J.; Potkin, S. G.; Bunney, W.
E.; Jones, E. G. Distorted distribution of nicotinamide-adenine
dinucleotide phosphate -diaphorase neurons in temporal lobe of
schizophrenics implies anomalous cortical development. Arch.
Gen. Psychiatry 1993, 50, 178-186.

(230) Karson, C. N.; Griffin, W. S. T.; Mrak, R. E.; Husain, M.; Dawson,
T. M.; Synder, S. H.; Moore, N. C.; Sturner, Q. Nitric oxide
synthase (NOS) in schizophrenia: increases in the cerebellar
vermis. Mol. Chem. Neuropathol. 1996, 27, 275-284.

(231) Mayer, B.; Brunner, F.; Schmidt, K. Novel actions of methylene
blue. Eur. Heart J. 1993, 14 (Suppl 1). 22-26.

(232) Deutsch, S. I.; Rosse, R. B.; Schwartz, B. L.; Fay-McCarthy, M.;
Rosenberg, P. B.; Fearing, K. Methylene blue adjuvant therapy
of schizophrenia. Clin. Neuropharm. 1997, 20, 357-363.

(233) Deutsch, S. I.; Rosse, R. B.; Paul, S. M.; Tomasino, V.; Koetzner,
L.; Morn, C. B.; Mastropaolo, J. 7-Nitroindazole and methylene
blue inhibitors of neuronal nitric oxide synthase and NO
stimulated guanylate cyclase block MK-801 elicited behaviours
in mice. Neuropsychopharmacology 1996, 15, 37-43.

(234) Wiley, J. L. Nitric oxide synthase inhibitors attenuate phen-
cyclidine induced disruption of prepulse inhibition Neuropsy-
chopharmacology 1998, 19, 86-94.

(235) Wiley, J. L.; Golden, K. M.; Bowen, S. E. Effects of modulation
of nitric oxide on acoustic startle responding and prepulse
inhibition in rats Eur. J. Pharmacol. 1997, 328, 125-130.

(236) Deutch, S. I.; Rosse, R. B.; Paul, S. M.; Tomasino, V.; Koetzner,
L.; Morn, C. B.; Mastropaolo, J. 7-Nitroindazole and methylene
blue, inhibitors of neuronal nitric oxide synthase and NO-
stimulated guanylate cyclase block MK-801 elicited behaviours
in mice Neuropsychopharmacology 1996, 15, 37-43.

(237) Noda, Y.; Yamada, K.; Furukawa, H.; Nabeshima, T. Involve-
ment of nitric oxide in phencyclidine induced hyperlocomotion
in mice. Eur. J. Pharmacol. 1995, 286, 291-297.

(238) Johansson, C.; Jackson, D. M.; Svensson, L. Nitric oxide synthase
inhibition blocks phencyclidine induced behavioural effects on
prepulse inhibition and locomotor activity in the rat. Psycho-
pharmacology 1997, 131, 167-173.

(239) Xu, X.; Millar, K. J. Prevention of DOI mediated wet dog shakes
by inhibitors of nitric oxide synthase Brain Res. 1998, 804, 337-
340.

(240) Nemeroff, C. B. The interaction of neurotensin with dopamin-
ergic pathways in the central nervous system: basic neurobi-
ology and implication for the pathogenesis and treatment of
schizophrenia. Psychoneuroendocrinology 1986, 11, 15-37.

(241) Tanaka, K.; Masu, M.; Nakanishi, S. Structure and functional
expression of the cloned rat neurotensin receptor. Neuron 1990,
4, 847-854.

(242) Vita, N,; Chalon, P.; Donat, F.; Bachy, A.; Kagha, M.; Guilemot,
M.; Thurneyssen, O.; Bonnin, J.; Delpech, B.; Soubrie, P.; Le
Fur, G.; Caput, D.; Ferrara, P. Molecular cloning and charac-
terisation of a new human neurotensin binding site that recog-
nises levocabastine. Soc. Neuroscience Abstr. 1997, 23, 394.

(243) Chalon, P.; Vita, N.; Kaghad, M.; Guillemot, M.; Bonnin, J.;
Delpech, B.; Le Fur, G.; Ferrara, P.; Caput, D. Molecular cloning
of a levocabastine sensitive neurotensin binding site. FEBS Lett.
1996, 386, 91-94.

(244) Vita, N.; Laurent, P.; Lefort, S.; Chalon, P.; Dumont, X.; Kaghad,
M.; Gully, D.; Le Fur, G.; Ferrara, P.; Caput, D. Cloning and
expression of a complimentary DNA encoding a high affinity
human neurotensin receptor. FEBS Lett. 1993, 317, 139-142.

(245) Vita, N.; Oury-Donat, F.; Chalon, P.; Guilemot, M.; Kaghad, M.;
Bachy, A.; Thurneyssen, O.; Garcia, S.; Poinet-Chazel, C.;
Casellas, P.; Keane, P.; Le Fur, G.; Maffrand, J. P.; Soubrie, P.;
Caput, D.; Ferrara, P. Neurotensin is an antagonist of the
human neurotensin NT2 receptor expressed in chinese hamster
ovary cells. Eur. J. Pharmacol. 1998, 360, 265-272.

(246) Nemeroff, C. B. Neurotensin: Perchance an endogenous neu-
roleptic? Biol. Psychiatry 1980, 15, 283-302.

(247) Ervin, G. N.; Birkemo, L. S.; Nemeroff, C. V.; Prange, A. J., Jr.
Neurotensin blocks certain amphetamine induced behaviours.
Nature 1981, 291, 73-76.

(248) Sarhan, S.; Hitchcock, J. M.; Grauffel, C. A.; Wettstein, J. G.
Comparative antipsychotic profiles of neurotensin and a related
systemically active peptide agonist. Peptides 1997, 18, 1223-
1227.

(249) Feifel, D.; Reza, T. L.; Wustrow, D. J.; Davis, M. D. Novel
antipsychotic-like effects on prepulse inhibition of startle pro-
duced by a neurotensin agonist. J. Pharmacol. Exp. Ther. 1999,
288, 710-713.

(250) Leeman, S. E.; Carraway, R. E. Neurotensin discovery, isolation,
characterisation, synthesis and possible physiological roles. Ann.
N.Y. Acad. Sci. 1982, 400, 1-16.

500 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 4 Perspective



(251) Hermans, E.; Maloteaux, J.-M. Mechanisms of regulation of
neurotensin receptors. Pharmacol. Ther. 1998, 79, 89-104.

(252) Wileman, L. Scrip’s complete guide to CNS disorders volume 5
- Schizophrenia and other psychoses. 1999, p 56.

(253) Brun, P.; Steinberg, R.; LeFur, G.; Soubrie, P. Blockade of
neurotensin receptor by SR 48692 potentiates the facilitatory
effect of haloperidol on the evoked in vivo dopamine release in
the rat nucleus accumbens. J. Neurochem. 1995, 64, 2073-2079.

(254) Steinberg, R.; Brun, P.; Fournier, M.; Souilhac, J.; Rodier, D.;
Mons, G.; Terranova, J. P.; LeFur, G.; Soubrie, P. SR 48692 a
non peptide neurotensin receptor antagonist differentially affects
neurotensin induced behaviour and changes in dopaminergic
transmission. Neuroscience 1994, 59, 921-929.

(255) Wagstaff, J. D.; Bush, L. G.; Gibb, J. W. Hanson, G. R.
Endogenous neurotensin antagonises methamphetamine en-
hanced dopaminergic activity. Brain Res. 1994, 665, 237-244.

(256) Azzi, M.; Betancur, C.; Sillaber, I.; Spangel, R.; Rostene, W.;
Berod, A. Repeated administration of the neurotensin receptor
antagonist SR 48692 differentially regulates mesocortical and
mesolimbic dopaminergic systems. J. Neurochem. 1998, 71,
1158-1167.

(257) Regoli, D.; Drapeau, G.; Dion, S.; Couture, R. New selective
agonists for neurokinin receptors: pharmacological tools for
receptor characterisation. Trends Pharmacol. Sci. 1988, 9, 290-
295.

(258) Stoessl, A. J.; Hill, D. R. Autoradiographic visualisation of NK3
tachykinin binding sites in the rat brain utilising [3H] senktide.
Brain Res. 1990, 534, 1-7.

(259) Chen, L.-W.; Guan, Z.-L.; Ding, Y.-Q. Mesencephalic dopamin-
ergic neurons expressing neuromedin K receptor (NK3): a
double immunocytochemical study in the rat. Brain Res. 1998,
780, 150-154.

(260) Elliot, P.; Mason, G. S.; Stephens-Smith, M.; Hagan, R. M.
Behavioural and biochemical responses following activation of
midbrain dopamine pathways by receptor selective neurokinin
agonists. Neuropeptides 1991, 19, 119-126.

(261) Stoessl, A. J.; Szczutkowski, E.; Glenn, B.; Watson, I. Behav-
ioural effects of selective tachykinin agonists in midbrain
dopamine regions. Brain Res. 1991, 565, 254-262.

(262) Marco, N.; Thirion, A.; Mons, G.; Bougault, I.; Le Fur, G.;
Soubrie, P.; Steinberg, R. Activation of dopaminergic and cho-
linergic neurotransmission by tachykinin NK3 receptor stimula-
tion: an in vivo microdialysis approach in guinea pig Neuropep-
tides 1998, 32, 481-488.

(263) Gueudet, C.; Santucci, V.; Soubrie, P.; Le Fur, G. Blockade of
neurokinin-3 receptors antagonises drug induced population
response and depolarisation block of midbrain dopamine neurons
in guinea pigs. Synapse 1999, 33, 71-79.

(264) Dietl, M. M.; Palacios, J. M. Phylogeny of tachykinin receptor
localisation in the vertebrate central nervous system: apparent
absence of neurokinin-2 and neurokinin-3 binding sites in the
human brain. Brain Res. 1991, 539, 211-222.

(265) Mileusnic, D.; Lee, J. M.; Magnuson, D. D. J.; Hejna, M. J.;
Krause, J. E.; Lorens, J. B.; Lorens, S. A. Neurokinin-3 receptor
distribution in rat and human brain: an immunohistochemical
study. Neuroscience 1999, 89, 1269-1290.

(266) Beaujouan, J.-C.; Saffroy, M.; Torrens, Y.; Glowinski, J. Potency
and selectivity of the tachykinin NK3 receptor antagonist
SR142801. Eur. J. Pharmacol. 1997, 319, 307-316.

(267) Minabe, Y.; Emori, K.; Toor, A.; Stutzmann, G. E.; Ashby, C.
R., Jr. The effect of the acute and chronic administration of CP
96,345, a selective neurokinin1 receptor antagonist, on midbrain
dopamine neurons in the rat: A single unit, extracellular
recording study. Synapse 1996, 22, 35-45.

(268) Elliot.; P.; Alpert, J. E.; Bannon, M. J.; Iversen, S. D. Selective
activation of mesolimbic and mesocortical dopamine metabolism
in rat brain by infusion of a stable substance P analogue into
the ventral tegmental area. Brain Res. 1986, 363, 145-147.

(269) Whitty, C. J.; Paul, M. A.; Bannon, M. J. Neurokinin receptor
mRNA localization in human midbrain dopamine neurons. J.
Comput. Neurol. 1997, 382, 394-400.

(270) Hale, J. J.; Mills, S. G.; MacCoss, M.; Finke, P. E.; Cascieri, M.
A.; Sadowski, S.; Ber, E.; Chicchi, G. G.; Kurtz, M.; Metzger, J.;
Eiermann, G.; Tsou, N. N.; Tattersall, F. D.; Rupniak, N. M. J.;
Williams, A. R.; Rycroft, W.; Hargreaves, R.; MacIntyre, D. E.
Structural optimization affording 2-(R)-(1-(R)-3,5-bis(trifluoro-
methyl)phenylethoxy)-3-(S)-(4-fluoro)phenyl-4-(3-oxo-1,2,4-tri-
azol-5-yl)methylmorpholine, a potent, orally active, long-acting
morpholine acetal human NK-1 receptor antagonist. J. Med.
Chem. 1998, 41, 4607-4614.

(271) Rupniak, N. M. J.; Kramer, M. S. Discovery of the antidepressant
and antiemetic efficacy of substance P receptor (NK1) antago-
nists. Trends Pharmacol. Sci. 1999, 20, 485-490.

(272) Michal, P.; Lysikova, M.; El-Fakahany, E. E.; Tucek, S. Clozapine
interaction with the M2 and M4 subtypes of muscarinic recep-
tors. Eur. J. Pharmacol. 1999, 376, 119-125.

(273) Shannon, H. E.; Hart, J. C.; Bymaster, F. P.; Calligaro, D. O.;
Delapp, N. W.; Mitch, C. H.; Ward, J. S.; Fink-Jensen, A.;
Sauerberg, P.; Jeppersen, L.; Sheardown, M. J.; Swedberg, M.
D. B. Muscarinic receptor agonists like dopamine receptor
antagonists inhibit conditioned avoidance response in rats. J.
Pharmacol. Exp. Ther. 1999, 290, 901-907.

(274) Bymaster, F. P.; Shannon, H. E.; Rasmussen, K.; Delapp, N. W.;
Mitch, C. H.; Ward, J. S.; Calligaro, D. O.; Ludvigsen, T. S.;
Sheardown, M. J.; Olesen, P. H.; Swedberg, M. D. B.; Sauerberg
P.; Fink-Jensen, A. Unexpected antipsychotic-like activity with
the muscarinic receptor ligand (5R,6R)6-(3-propylthio-1,2,5-
thiadiazol-4-yl)-1-azabicyclo[3.2.1]octane. Eur. J. Pharmacol.
1998, 356, 109-119.

(275) Bodick, N. C.; Offen, W.; Levey, A. I.; Cutler, N. R.; Gauthier,
S. G.; Satlin, A.; Shanon, H. E.; Tollufson, G. D.; Rasmussen,
K.; Bymaster, F. P.; Hurley, D. J.; Potter, W. Z.; Paul, S. M.
Effects of xanomeline a selective muscarinic receptor agonist on
cognitive function and behavioural symptoms in Alzheimer
disease. Arch. Neurol. 1997, 54, 465-473.

(276) Freedman, R.; Hall, M.; Adler, L. E.; Leonard, S. Evidence in
postmortem brain tissue for decreased numbers of hippocampal
nicotinic receptors in schizophrenia. Biol. Psychiatry 1995, 38,
22-33.

(277) Adler, L. E.; Hoffer, L. J.; Griffith, J.; Waldo, M. C. R. Normali-
sation by nicotine of deficient auditory sensory gating in relatives
of schizophrenics. Biol. Psychiatry 1992, 32, 607-616.

(278) Adler, L. E.; Hoffer, L. J.; Wiser, A.; Freedman, R. Cigarette
smoking normalises auditory physiology in schizophrenics. Am.
J. Psychiatry 1993, 150, 1856-1861.

(279) Luntz-Leybman, V.; Bickford, P. C.; Freedman, R. Cholinergic
gating of response to auditory stimuli in rat hippocampus. Brain
Res. 1992, 587, 130-136.

(280) Levin, E. D.; Wilson, W.; Rose, J. E.; McAvoy, J. Nicotine-
haloperidol interactions and cognitive performance in schizo-
phrenics. Neuropsychopharmacology 1996, 15, 429-436.

(281) Seguela, P.; Wadiche, I.; Dineley-Miller, K.; Dani, J.; Patrick,
J. W. Molecular cloning, functional properties and distribution
of rat brain alpha 7: a nicotinic channel highly permeable to
calcium. J. Neurosci. 1993, 13, 596-604.

(282) Edgar, P. F.; Schonberger, S. K. J.; Dean, B.; Faull, R. L. M.;
Kydd, R.; Cooper, G. J. S. A comparative proteomic analysis of
hippocampal tissue from schizophrenic and Alzheimer’s disease
individuals. Mol. Psychiatry 1999, 4, 173-178.

(283) Gogos, J. A.; Santha, M.; Takcs, Z.; Beck, K. D.; Luine, V.; Lucas,
L. R.; Nadler, J. V.; Karayiorgou, M. The gene encoding proline
dehydrogenase modulates sensorimotor gating in mice. Nature
Genet. 1999, 21, 434-439.

JM0002432

Perspective Journal of Medicinal Chemistry, 2001, Vol. 44, No. 4 501


