Schizophrenia: Neural Mechanisms for Novel Therapies
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Although valuable antischizophrenic drugs exist, they only partially ameliorate symptoms and elicit substantial side effects.
Classic neuroleptic drugs act by blocking dopamine receptors. They can relieve some sympftoms but not behavioral with-
drawal features that are designated “negative” symptoms. Clozapine and related newer atypical neuroleptics may be
more efficacious in relieving negative symptoms. Understandng their actions may facilitate new drug discovery. Agents influ-
encing glutamate neurotransmission and N-methyl-p-aspartate receptors, especially the cofransmitter b-serine, are promis-
ing. Stimulation of the a7 subtype of nicotinic acetylcholine receptor may also be efficacious. The search for genes linked to
schizophrenia has revealed several leads that may permit development of novel therapeutic agents. Promising genes

include disrupted-in-schizophrenia-1, dysbindin, and neuregulin.

INTRODUCTION

Schizophrenia is a complex disease, or more likely, it is a group of
related illnesses with a strong genetic predisposition (1). The bio-
logical underpinnings of schizophrenia are evident from multiple
studies showing reproducibly enlarged brain ventricles and other
abnormalities. This implies defects in brain structures, especially
in the temporal and frontal cerebral cortex (2,3). The absence of
inflammatory alterations in schizophrenic brains suggests that
the defects reflect abnormalities in development (2,4). Gene map-
ping studies have tracked susceptibility to schizophrenia to a few
loci (5). Unfortunately, we still do not know the specific molecu-
lar cause of any type of schizophrenia. While the development of
therapeutic agents has thus been largely empirical, many highly
effective drugs have emerged over the past fifty years. Learning
how these drugs act has advanced neurotransmitter research. The
treatment of depression and anxiety also has been marked by
serendipitous discoveries of drugs leading to novel molecular
insights. Indeed, therapeutic agents in psychiatry have been the
most powerful tools available for elucidating the roles of neuro-
transmitters in behavior.

Because neurotransmitters have provided the only route to
drug development in schizophrenia thus far, they will occupy
much of this review. Since links of beneficial and adverse effects
of drugs relate to their initial identification as therapeutic agents,
we will emphasize historical features of drug development. We
also will show how recent insights into molecular and physio-
logical abnormalities in schizophrenics and disease-selective
genetic loci and candidate susceptibility genes may facilitate
novel drug discovery.

NEUROTRANSMITTERS

The brain utilizes at least 50 distinct neurotransmitters, which can
be grouped in chemical classes: biogenic amines, amino acids,
peptides, and gases. Virtually all drugs in psychiatry act through

only a few of these transmitters, generally the biogenic amines:
norepinephrine, dopamine, and serotonin; and the amino acid:
vy aminobutyric acid (GABA). The importance of amines for psy-
chotropic drug action relates in part to their concentration in the
limbic areas of the brain, which regulate emotional behavior.
Additionally, amine transmitters have been well characterized for
more than 50 years, providing maximal opportunity for the phar-
maceutical industry to systemically develop agents that influence
their biosynthesis, degradation, release, reuptake, and receptor
activities. The more recently characterized amino acids and
gaseous transmitters participate in pathways that are relevant to
psychiatry. In coming years, we should anticipate novel drugs
acting through these systems.

Dopamine and Serotonin

The most important advance in the treatment of schizophrenia
occurred 50 years ago with the introduction of chlorpromazine
(Table 1). Chlorpromazine was synthesized as an antihistamine
but was excessively sedating. The French neurosurgeon Henri
Laborit examined it as a preanesthetic medication and found that
it elicited a beatific quietude and recommended it to 2 psychia-
trists. Jean Delay and Pierre Deniker found it to be highly effective,
first in mania and then in schizophrenia. Studies of chlorpro-
mazine and its descendents reveal selective beneficial effects in
uniquely schizophrenic symptoms rather than nonspecific seda-
tion. Delay and Deniker made a crucial observation that, with
escalating doses, side effects resembling Parkinson’s disease
appeared in addition to antipsychotic behavior. They coined the
term “neuroleptic,” meaning “to clasp the neuron,” to indicate
that the antipsychotic behavior was linked to some sort of neuro-
logical influence.

Neuroleptics were linked to dopamine after doses of reser-
pine resulted in similar antipsychotic behavior. Reserpine depletes
the brain of serotonin and dopamine whereas chlorpromazine
does not affect levels of these neurotransmitters. Arvid Carlsson
(6) discovered selective alterations in metabolites of dopamine
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Table 1. Historic overview of drugs for schizophrenia
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Representative
Era Classification compounds Mechanisms Efficacy
1950s Typical neuroleptics Chlorpromazine (6-8) D2R blockade Effective for positive symptoms
1990s Atypical neuroleptics Clozapine (9-11) Blockade of multiple Effective both for positive and some negative
receptors symptoms including D2R and 5HT2R; less EPS

1995 New atypical Olanzepine, Risperidone, Similar to clozapine Similar to clozapine

neuroleptics Quetiapine
Future NMDA-R coagonist D-serine, b-cycloserine, NMDA-R activation Effective for some negative symptoms

(at glycine site) glycine (14,15)

mGIuR2/3 agonist LY354740, LY379268 (19)

Selective a7 agonist DMXB-A (21)

mGluR2/3 activation,
block Glu release

a7 nicotinic receptor
activation

Effective for behavioral abnormalities induced
by PCP in animals
Effective for auditory gating deficit

after reserpine had been taken, suggesting increased release of
dopamine, presumably from augmented firing of dopamine neu-
rons. Carlsson (6) speculated that neuroleptics block dopamine
receptors leading to a feedback enhancement of neuronal firing.
In this way, neuroleptics and reserpine both would diminish the
synaptic activity of dopamine despite an increase in its release
that was provoked by neuroleptics. More than a decade after
Carlsson’s hypothesis, the ability to measure neurotransmitter
receptors by ligand binding provided direct demonstration that
the relative clinical potencies of neuroleptics closely paralleled
their blockade of a subtype of dopamine receptor, the D-2 recep-
tor (7,8). By blocking D-2 receptors in the limbic system of struc-
tures that regulate emotions, neuroleptics provide antipsychotic
efficacy. Receptor blockade in the caudate and putamen, brain
regions that regulate motor behavior, elicits extrapyramidal,
Parkinson-like side effects. This type of “typical” neuroleptic has
been widely used given its efficacy against “positive” symptoms
including delusions, hallucinations, and the peculiar schizo-
phrenic thought disorder. Nonetheless, typical neuroleptics are
ineffective against “negative” symptoms, which include affective
flattening and social withdrawal.

A role for serotonin in neuroleptic action was suggested by
the emergence of clozapine as a therapeutic agent (9-11). This
drug was introduced in the 1960s but was withdrawn in several
countries because of its ability to induce agranulocytosis. Its
unique benefits prompted reintroduction, with the precaution of
routine blood monitoring. Clozapine is effective for psychotic
symptoms in schizophrenics that display resistance to treatment
with typical neuroleptics (11). Even more interesting, it allevi-
ates certain negative symptoms, including loss of capacity to
experience pleasure and loss of motivation (11). Clozapine
blocks dopamine D-2 receptors at therapeutic doses and proba-
bly relieves positive symptoms via mechanisms similar to the
typical neuroleptics. How it acts upon negative symptoms is less
clear. Clozapine blocks the 5-HT2 subtype of serotonin receptor
with substantially greater potency than its influence on D-2
sites. Additionally, it potently blocks a-adrenergic, muscarinic
cholinergic, and histamine H-1 receptors. Many investigators
feel the combination of blocking 5-HT2 and D-2 receptors is key
to clozapine’s unique therapeutic profile, though actions at
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other receptors known or unknown, may be equally or more
important.

As no one knows exactly how clozapine acts, pharmaceutical
companies developed agents mimicking its receptor profile, espe-
cially its potent ability to block receptors at 5-HT2 sites. The result-
ing 2nd generation of “atypical” antipsychotic drugs includes
risperidone, olanzapine, quetiapine, and ziprasidone. Like cloza-
pine, these drugs appear to relieve negative and positive symp-
toms. Unlike clozapine, they do not elicit an unacceptably high
incidence of agranulocytosis. The success of the atypical neu-
roleptics is prompting efforts to definitively establish the mecha-
nisms that cause the beneficial actions of clozapine. As of this
writing there are no certain answers.

Glutamate

A role for glutamate in schizophrenia stems from the drug psy-
chosis approach to the disease. In this model, if a drug elicits a psy-
chosis that faithfully mimics schizophrenia, then elucidating how
the drug acts should lead to novel therapeutic approaches. LSD
psychosis was advanced as a model for schizophrenia, but most
investigators concluded that it did not faithfully mimic its major
symptoms. Amphetamine, which facilitates dopamine release,
causes a paranoid psychosis that often is indistinguishable from
acute paranoid schizophrenia. This fact, coupled with the link of
dopamine receptors and neuroleptics, led to a “dopamine hypoth-
esis” of schizophrenia, though no reproducible abnormalities in
dopamine disposition have been reported in schizophrenics.

Phencyclidine (PCP) produces a psychotic state that mimics
schizophrenia better than any of the other drug-induced psy-
choses (12). Ketamine, a PCP derivative, also evokes schizophrenic
symptoms in normal subjects (13). The discovery that PCP blocks
the N-methyl-p-aspartate (NMDA) subtype of glutamate receptor
suggested a role for these sites in schizophrenia.

The NMDA receptor is unique in possessing distinct recogni-
tion sites for 2 neurotransmitters, glutamate, and glycine. Recent
evidence suggests that D-serine, the “abnormal” isomer, is the
physiologic ligand for the glycine site in most parts of the
brain (14). D-serine is generated in protoplasmic astrocytes that
ensheathe the synapse by serine racemase and converts L- to D-serine.
Several controlled clinical trials have reported therapeutic
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responses to glycine or D-serine when administered in conjunction
with classic neuroleptics (15). The responses include improvement
in negative symptoms. D-cycloserine, an anti-tuberculosis drug
that is a partial agonist at the glycine site, is effective also.

Subtle interactions between GABA- and glutamate-contain-
ing neurons may clarify mechanisms of PCP psychosis and facili-
tate antipsychotic drug development (Figure 1). GABA neurons,
which contain NMDA receptors, synapse upon glutamate neurons,
which possess on their nerve terminals Group II metabotropic
glutamate receptors (mGIuR2/3). When glutamate stimulates
these mGIuR sites, release of glutamate is inhibited. Firing of
GABA neurons inhibits firing of glutamate neurons, consistent
with GABA’s actions as an inhibitory transmitter. By blocking
NMDA receptors on GABA neurons, PCP diminishes GABA
release. The lessened inhibition of glutamate neurons leads to
augmented glutamate release, which is well established in the
prefrontal cerebral cortex following PCP treatment (16). Thus,
PCP can stimulate glutamate release even though it blocks a sub-
type of glutamate receptor. The GABA synthesizing enzyme,
glutamate decarboxylase, is reportedly diminished in a schizo-
phrenic’s prefrontal cortex (17,18). This lack presumably triggers
a decrease in GABA release and an augmented glutamate release,
similar to treatment of PCP. In the prefrontal cerebral cortex,
mGIuR2/3 agonist drugs inhibit the increased glutamate release
provoked by PCP (19). They also block behavioral abnormalities
induced by PCP in animals. Accordingly, mGluR2/3 agonists
offer promise as a novel approach to schizophrenic therapy.

Acetylcholine
Like many other advances in psychiatry, a role for acetylcholine-
related drugs in schizophrenia emerged from astute clinical
observation (20,21). Schizophrenics smoke much more than other
psychiatric patients, a behavior which is not readily explained by
efforts of patients to reduce the sedating effects of their neurolep-
tic medication. Nicotine transiently relieves some schizophrenic
symptoms that are not improved with typical neuroleptics.
Nicotinic cholinergic receptors appear to mediate a form of sen-
sory processing which is disturbed in schizophrenics. It has long
been known that schizophrenics are unable to screen out extrane-
ous sensory information. This process can be monitored by EEG
responses to repeated auditory stimuli. A positive EEG deflection
50 ms after delivery of auditory stimuli is normally inhibited at
the 2nd identical stimulus (P50 auditory gating) (22). This inhibi-
tion is markedly lessened in schizophrenics. Abnormalities in
auditory gating occur with notable frequency in 1st-degree rela-
tives of schizophrenics. Nicotine gum normalizes the deficient
auditory gating in schizophrenic patients, as well as their 1st-
degree relatives. Auditory gating can be monitored in mice and is
associated with the a7 subtype of nicotinic cholinergic receptors.
Mouse strains with the most abnormal auditory gating have the
fewest a7 receptors displayed. Agonists at a7 receptors normalize
the deficient auditory gating in rodents (21). Interestingly, a7 ago-
nists lack the cardiovascular actions and addictive properties of
nicotine. As such, agonists acting at the level of the a7 receptors
are under development for clinical trial in schizophrenia.

The a7 receptors may participate directly in the pathophysi-
ology of schizophrenic disturbance. Leonard et al (23) recently
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Figure 1. Schematic representation of drug actions that normalize
aberrant glutamate neurotransmission in the prefrontal cortex of schizo-
phrenics. GABA neurons (pink) are depicted as synapsing upon gluta-
mate neurons (yellow). In schizophrenics (SZ), the GABA inhibitory neu-
rons in the prefrontal cortex may be decreased in number or functional-
ly impaired, fitting with reports of lowered levels of the GABA-synthesiz-
ing enzyme, glutamate decarboxylase, in schizophrenic brains (17,18).
PCP diminishes glutamate stimulation of the GABA neurons by blocking
the NMDA subtype of glutamate receptor (NMDA-R). The GABA
inhibitory neurons synapse upon glutamate neurons so that PCP causes
enhanced glutamate efflux in the prefrontal cortex. p-serine is a coago-
nist with glutamate of NMDA-R at the so-called glycine site so that its
administration enhances functions of the GABA inhibitory neurons.
Agonists of the mGlu2/3 receptors block excess glutamate efflux, which
occurs with PCP administration and which has been speculated to take
place in schizophrenia.

reported a higher prevalence of functional promoter mutations in
a7 nicotinic acetylcholine receptors (CHRNA?) in schizophrenic
subjects than in control subjects; 1 of the mutations may influence
the P50 auditory evoked potential response (22,23).

CANDIDATE GENES

Improvements on existing drugs and drugs acting at novel neuro-
transmitters will certainly yield improved therapy. However, this
empirical approach to therapy is not as intellectually satisfying as
efforts to find causes. Genetic loci conferring susceptibility to
schizophrenia occur on several chromosomes, and investigators
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Table 2. Candidate susceptibility genes for schizophrenia

Gene Chromosome Possible influence on neurotransmission Reference
RGS4 1921 Modulates G-protein signaling downstream of receptors for dopamine and other neurotransmitters (40-42)
DISC-1 1942 Interacts with citron, which possibly links to PSD?5/glutamate (NMDA) receptor (34,35,37)
Dysbindin 6p24 Influences glutamatergic neurotransmission via PSD signaling and clustering (38)
Neuregulin 1 8p21 Decreases NMDA-R expression and modulates glutamatergic neurotransmission (39)
G72 13934 Modulates DAAO, influencing p-serine metabolism (33)
CHRNA7 15p14 Acetylcholine receptor (23)
COMT 22911 Influences metabolism of catecholamines such as dopamine (27,28)
PRODH 22911 Functions as a neuromodulator for glutamatergic neurotransmission and serves as precursor for (29-31)

glutamate

RGS4, regulator of G-protein signaling-4; PSD, postsynaptic density; CHRNA7, a7 nicotinic acetylcholine receptor; PRODH, proline dehydrogenase.

have tried to narrow down the responsible regions to identify the
causal genes for susceptibility (Table 2). Will identification of the
“schizophrenia” gene(s) impact therapy? In the best case scenario,
an abnormal gene might cause excess formation of a neurotoxin
so that a synthetic antitoxin would be therapeutic. However,
genetic solutions to schizophrenia may not readily emerge. Hunt-
ington’s disease, a Mendelian dominant condition much more
accessible to analysis than schizophrenia, is caused by a specific
mutation in the gene for the protein Huntingtin. While Hunting-
ton’s disease involves selective brain damage in the caudate-
putamen and cerebral cortex, Huntingtin is expressed throughout
the body. Moreover, we still do not know how the mutated pro-
tein selectively damages specific regions of the brain.

The search for genetic loci in schizophrenia has led to several
sites related to neurotransmitters that may plausibly be associated
with the disease. Other sites are associated with cytoskeletal pro-
teins that influence neuronal outgrowth and might mediate
developmental abnormalities that have been implicated in schiz-
ophrenic brain. Varying levels of gene expression can be evalu-
ated by microarray analysis, which has revealed alterations in
schizophrenic brain for several synaptic marker proteins.

Genes Linked to Putative Neurotransmitters

Catechol-O-methyltransferase. One locus affected in some schiz-
ophrenic families and associated with neurotransmitter disposi-
tion occurs at chromosome 22q11. Adults with deletion of 22q11,
designated velo-cardio-facial syndrome, DiGeorge syndrome, or
22q deletion syndrome, display an extremely high incidence of
schizophrenia, about 25% to 30%, and 22q11 deletion occurs in 2%
of diagnosed schizophrenics (24-26). The gene that elicits the
symptoms of 22q11 deletion is not known, but there are interest-
ing candidates. For instance, catechol-O-methyltransferase
(COMT), whose gene is located on 22q11, is 1 of the 2 principal
enzymes degrading catecholamines including dopamine. The cat-
echolamines are inactivated either by reuptake into the neurons
that released them or through metabolism by monoamine oxidase
or COMT. In most areas of the brain, reuptake inactivation pre-
dominates so that COMT does not markedly influence cate-
cholamine levels. By contrast, in the prefrontal cerebral cortex,
which mediates the cognitive functions that are impaired in schiz-
ophrenia, dopamine levels are sensitive to COMT levels. One of
the two alleles of the COMT gene that is associated with aug-
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mented COMT activity also is related to poor performance on cer-
tain tests of working memory and to inefficient brain activation as
monitored by functional magnetic resonance imaging (27). This
allele occurs more often in schizophrenics than in age-matched
controls. These studies suggest that a relative deficiency in
dopamine transmission in prefrontal cortex may mediate some
schizophrenic symptomatology. By contrast, studies of COMT
gene knockout mice indicate that depletion of COMT with pre-
sumably augmented dopamine transmission, can cause behavioral
disturbance (28). Female COMT knockout mice display impaired
emotional reactivity in models of anxiety behavior. Of course, one
cannot readily equate anxiety behavior in mice with human schiz-
ophrenic disturbance. These findings suggest that drugs that
influence COMT might be therapeutic in mental illnesses includ-
ing schizophrenia.

Proline Dehydrogenase. Proline dehydrogenase whose gene is
localized, like COMT, to 22q11, also may participate in suscepti-
bility for schizophrenia (29,30). Proline dehydrogenase introduces
a double bond into the pyrrolidine ring, setting the stage for
cleavage of the ring to glutamate y-semialdehyde, which is then
readily transformed to glutamate. Jacquet et al (29) reported that
a family with 2 schizophrenic subjects had a deletion of 350 kb
within the 22q11 region, which involves the entire locus for the
proline dehydrogenase gene. They also identified 2 rare missense
mutations associated with high plasma proline levels in 3 schizo-
phrenic patients. In parallel, Liu et al (30) reported genetic varia-
tions at the locus for the proline dehydrogenase gene associated
with schizophrenia. Support for a behavioral role of proline dehy-
drogenase comes from studies of proline dehydrogenase knock-
out mice (31). These animals display a deficit in sensorimotor
gating, such as prepulse inhibition, that is characteristic of schiz-
ophrenic patients. Besides serving as a precursor of glutamate,
proline itself may be a neuromodulater of glutamatergic trans-
mission in the brain. A brain-specific high-affinity proline trans-
porter is expressed selectively in a subset of glutamatergic
synapses (32). Endogenous extracellular proline also potentiates
excitatory transmission at certain glutamate synapses.

D-serine. D-amino acids may link a deficit of glutamatergic neu-
rotransmission with candidate genes for schizophrenia. Chromo-
some 13q includes a well-characterized susceptibility locus for
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schizophrenia (5). A systematic single-point association and hap-
lotype analysis with replication in 2 independent populations
identified a novel gene at 13934, called G72, which encodes a pro-
tein of 153 amino acid (33). Yeast 2-hybrid analysis shows that the
G72 protein interacts with D-amino acid oxidase (DAAO). Under
physiological conditions, this enzyme selectively degrades D-serine,
the glial neuromodulator of NMDA-glutamate receptors (14).
Though the relationships may seem far-fetched, it is conceivable
that an abnormality in the 1334 locus involving G72 influences
the metabolism by DAAO of D-serine and thereby alters gluta-
mate neurotransmission. In support of this notion, G72 has been
found to activate DAAO several fold (33).

Cytoskeletal Genes

Disrupted-in-schizophrenia-1. The Disrupted-in-schizophrenia
(DISC)-1 gene was discovered in studies of a Scottish family with
a chromosomal translocation (34). In the family, 47% of the family
members with the chromosomal abnormality manifested major
psychiatric illnesses such as schizophrenia. All the family mem-
bers with the chromosomal abnormality, including those without
notable psychiatric symptoms, displayed diminished levels of
certain types of brain potentials, referred to as P300, which are
often decreased in schizophrenic patients (35). Disruption of
DISC-1 has been reported thus far in only 1 family with schizo-
phrenia. Nonetheless, elucidation of how the mutated protein
gives rise to psychosis may shed light on the larger population of
schizophrenics. Analogously, rare, genetically determined forms
of Alzheimer’s disease involve selected genes whose proteins
participate in the biosynthesis of the amyloid beta peptides (36).
As the peptides are deposited in the senile plaques of all
Alzheimer’s disease patients, these rare forms of the disease have
strongly supported efforts to develop drugs that inhibit the
biosynthesis of the peptide. To this end, we have recently charac-
terized DISC-1 protein and its functions (37). The DISC-1 protein
consists of 854 amino acids. The translocation that causes the dis-
ease involves the deletion of the C-terminal 257 amino acids (34).
DISC-1 is developmentally regulated with highest levels in late
embryonic development of rats at the time of maximal cerebral
cortical neuronal migration (37). DISC-1 is localized in particulate
fractions and has structural characteristics resembling a cyto-
skeletal protein. Yeast 2-hybrid analysis reveals interactions of
DISC-1 with several cytoskeletal proteins. Detailed analysis of
1 of these, NUDEL, suggests a role of DISC-1 in neuronal migra-
tion and neurite outgrowth. Expression of mutant DISC-1, which
fails to bind to NUDEL, leads to altered neuronal outgrowth in
PC12 cells. DISC-1 also associates with Citron, a cytoskeletal pro-
tein localized to neuronal dendrites in association with the post-
synaptic density protein PSD95. As PSD95 is an anchoring protein
for the NMDA receptor, DISC-1, through interactions with Citron,
might influence NMDA neurotransmission.

Dysbindin. Dysbindin is another cytoskeletal protein that is asso-
ciated with schizophrenia (38). Linkage analysis had indicated the
importance of 6p24-21 for schizophrenia and related disorders (5).
A family-based association analysis of polymorphism markers
within these regions suggested that single-nucleotide polymor-
phisms within the gene DTNBP1, the human ortholog of mouse
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dysbindin, were strongly associated with schizophrenia. Dys-
bindin was first identified as a protein that binds to y-dystrobrevin,
a component of the dystrophin protein complex, which is disor-
dered in muscular dystrophy. The dystrophin complex also par-
ticipates in synaptic systems of the brain, especially cytoskeletal
elements in postsynaptic densities. The dystrophin complex reg-
ulates the clustering of nicotinic receptors and recruits neuronal
nitric oxide synthase to PSD95-facilitating interactions with
NMDA receptors. Thus, dysbindin abnormalities might influence
glutamate neurotransmission.

Neuregulin 1. Neuregulin 1 is yet another cytoskeletal, synaptic
protein which may influence susceptibility to schizophrenia (39).
Fine mapping of the 8p locus and haplotype-association analysis,
supplemented by a transmission/disequilibrium test, have iden-
tified Neuregulin 1 as a candidate gene for schizophrenia.
Neuregulin 1 is expressed at central nervous system synapses
and influences the expression and activation of neurotransmitter
receptors, including glutamate receptors. Neuregulin 1 regulates
development; knockout mice display severe developmental
abnormalities in both the nervous system and the heart. Mutant
mice heterozygous for Neuregulin 1 display behavioral abnor-
malities that also are present in mice heterozygous for the
Neuregulin 1 receptor, ErbB4. Interestingly, the behavioral
abnormalities of the mutant Neuregulin 1 animals are partially
reversed by the antipsychotic drug clozapine. Also, the Neureg-
ulin 1 mutant mice express fewer functional NMDA receptors
than control mice.

Gene Expression Evaluated by Microarray Analysis
DNA microarray analysis permits the screening of thousands of
genes in disease states. Such approaches have revealed selectively
decreased expression in schizophrenic brains of genes associated
with presynaptic functions such as N-ethylmaleimide sensitive
factor (NSF) and synapsin II (40). These proteins might provide
clues to the pathophysiology of the disease while also serving as
markers to facilitate genetic and therapeutic investigations. A
combined strategy employing microarray analysis, association
and linkage analyses implicated the regulator of G-protein sig-
nalling-4 (RGS4) as a susceptibility gene for schizophrenia (41,42).
The RGS family of about 20 proteins is a class of GTPase activat-
ing proteins (GAPs) that augment the degradation of GTP bound
to G-proteins and hence shortens the duration of G-protein-
related synaptic signaling. All the major biogenic amines and
amino acid neurotransmitters, to varying extents, signal via
G-protein coupled receptors. Microarray analysis revealed a
decrease in schizophrenic prefrontal cortex of RGS4 but not of 10
other RGS family members. Moreover, 274 other genes associated
with G-protein signaling were unchanged. The alterations were
not likely caused by treatment with the neuroleptic haloperidol,
used by many of the patients, because monkeys chronically
treated with haloperidol failed to show such alterations. RGS4
maps to locus 1q 21-22, a chromosome region which is strongly
linked to schizophrenia (43).

Abnormalities in several physiological and biochemical
markers in schizophrenics and their close relatives may facilitate
the tailoring of medication to specific individuals. For instance,
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EEG recordings have identified an event-related potential desig-
nated P300, which is reproducibly diminished in schizophren-
ics (44). The P300 abnormality behaves very much like a genetic
marker as in the case of the DISC-1 Scottish family described
above (34). In instances where individuals with reduced P300 are
not overtly schizophrenic, researchers have speculated that such
individuals are likely to develop schizophrenia and might war-
rant prophylactic therapy. Such markers are referred to as “inter-
mediate phenotypes” (45) and include P50, P300, saccadic eye
movement, and performance in the Wisconsin Card Sort Test.

While therapies based on genetic abnormalities and other
markers may be distant, better drugs based on neurotransmitters
continue to offer considerable short-term promise. Though bona-
fide schizophrenia has an incidence of about 1%, far larger num-
bers of individuals may be part of a “schizophrenia spectrum”,
apparently sane but emotionally withdrawn and manifesting
social maladjustment. Such individuals might benefit from treat-
ment with antipsychotic agents that elicit fewer side effects. A sim-
ilar situation has revolutionized treatment of mild depression. The
traditional tricyclic antidepressants caused troublesome side
effects such as dry mouth, difficulty urinating, weight gain, and
sexual dysfunction. The new generation of antidepressants, exem-
plified by fluoxetine (Prozac), have fewer side effects and have
greatly altered our appreciation of the “depression spectrum” of
illnesses. It had been thought that tricyclic antidepressants only
benefit patients with serious biologic depression. The benign side-
effect profile of fluoxetine and related agents, such as paroxetine
(Paxil) and sertraline (Zoloft), permitted widespread use with dra-
matic therapeutic efficacy in many patients whose depression had
been thought too mild to warrant drug treatment.

With the wide diversity of genetic, neurotransmitter, physio-
logical, and clinical strategies being employed, we anticipate
important advances in treating schizophrenia, the most disabling
of mental illnesses.
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