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A B S T R A C T

Antipsychotics, the drugs used currently for the treatment of schizophrenia, produce their therapeutic

effects via the blockade of dopamine receptors. These compounds are, however, limited in their

therapeutic efficacy and have side effect liabilities that also limit their use. Agents that produce

antipsychotic effects by enhancing NMDA receptor function represent a viable alternative to dopamine

antagonists. D-Serine, is the prototype of this approach acting as a positive allosteric modulator of the

NMDA receptor to enhance antipsychotic efficacy in the clinic. A newer approach to modulating NMDA

receptor function, identified by gene association studies, is pLG72/DAOA (D-amino acid oxidase

activator) a peptide that modulates D-amino acid oxidase (DAAO) activity, increasing endogenous levels

of D-serine. While the initial association of DAOA with schizophrenia and its functional effects on DAAO

activity have not been replicated, its identification has led to the development of several DAAO

inhibitors, e.g., AS057278, CBIO and Compound 8, that are active in animal models of antipsychotic

action. The complications in validating the G72 association with schizoprenia highlight the inherent

challenges in translating gene-based, disease-related associations to drug discovery targets.

� 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Completion of the draft human genome map in 2001 led to
expectations that gene association studies would result in the
rapid identification, validation and exploitation of novel, disease-
associated drug targets [1]. This has proven to be a far from facile
process with the expectation of absolutes (e.g., one gene, one
disease/common disease-common variant) in genetic association
studies giving way to a more pragmatic realization that multiple
factors, both genetic and epigenetic, represent the rule rather
than the exception [2,3]. As of April, 2007, the schizophrenia
gene database, SzGene contained information on 3608 variants
present in 516 genes, none with a validation equal to that
of APOE in Alzheimer’s disease but none of which had been
excluded as candidate genes [4]. And while additional gene
associations continue to appear on a regular basis [4–7] driven
by new technologies like imaging genetics [7], the search for
genetic associations has now expanded to understanding the
role of rare copy number variants (CNVs) in the etiology of
schizophrenia [8,9].
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The diversity of information derived from gene association
studies in CNS disease states, in reinforcing the complexity of CNS
disorders, also underlines the challenge in developing a robust
genetic basis for disease diagnosis and its potential treatment [1].
Several genetic associations in schizophrenia have supported the
glutamate hypofunction hypothesis [10,11] and while no single
one of these has proven causal, together they have provided a
directionality that increasing NMDA receptor function is a viable
alternative to the dopaminergic hypofunction hypothesis [12] in
identifying improved treatment modalities for schizophrenia. To
prioritize novel drug discovery approaches, new targets require, to
the fullest extent possible, validation [13,14]. This may be viewed
as a relatively facile process when the target(s) fit into the context
of an existing hypothesis, e.g., glutamate hypofunction [10].
Accordingly, the present commentary focuses on the challenges
involved in validating and ‘‘reducing to practice’’ a novel, gene-
associated antipsychotic target, now close to a decade old, with the
flavoenzyme D-amino acid oxidase (DAAO), that was at one time
described as ‘‘among the most compelling in psychiatry’’ [15].

2. Schizophrenia genetic associations

Schizophrenia, a chronic, debilitating CNS disease affecting up
to 1% of the world’s population [12,16], has no consistent gender,
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ethnic, or social bases and is associated with mortality rates 2–3
times higher than those occurring in the general population [16].
Like autism [17], schizophrenia is considered a neurodevelop-
mental disorder [18] with multiple environmental and genetic
associations indicating that the disease is multifactorial in its
causality [1,4,17]. Schizophrenia presents as three main pheno-
types: positive and negative symptoms, and cognitive dysfunction
[12]. Positive symptoms reflect an excess or distortion of normal
function and are manifest as auditory and visual hallucinations,
disorganized thought, paranoia, bizarre behavior and other
delusional states. Negative symptoms involve a decrease or loss
of normal function and include affective flattening, anhedonia,
social withdrawal, lack of motivation and spontaneity and
decreased evidence of thought and speech. Cognitive impairment,
involving deficits in executive function, processing, attention,
vigilance, verbal learning and memory, verbal and spatial working
memory, semantic memory and social cognition precedes the
occurrence of psychotic symptoms and remains severe, with some
progression, throughout the course of the disease. Alterations
in cognitive function are considered to be of equal or greater
importance than either positive or negative symptoms in
predicting the functional outcomes of schizophrenia, including
quality of life, social problem solving and work status [20].

Antipsychotics used to treat the symptoms of schizophrenia can
be divided into two distinct classes, typical and atypical [12,19]. The
former include drugs like haloperidol and chlorpromazine and the
latter, compounds like clozapine, risperidone, olanzapine and
aripiperazole. Typical antipsychotics are potent blockers of
dopamine (DA) D2 receptors while the atypicals are generally
antagonists of both D2 and 5HT2 receptors. A considerable body of
clinical data has indicated that atypical antipsychotics are more
effective in treating the negative symptoms of schizophrenia than
typical antipsychotics (which act predominately on positive
symptoms) and have a lower incidence of tardive dyskinesia
[12]. However, two federally funded clinical trials, the NIMH-
sponsored CATIE (Clinical Antipsychotic Trials of Intervention
Effectiveness) [21] and the NHS-sponsored CUtLASS (Cost Utility of
the Latest Antipsychotic Drugs in Schizophrenia Study) [22] have
reported no major differences in the clinical effectiveness of typical
and atypical antipsychotics leading to considerable debate [23].
These trial outcomes, together with class-related incidents of QT
prolongation [24] and metabolic syndrome, e.g., weight gain and
diabetes [25], suggested that it would be unlikely that any
additional drug candidates acting via blockade of the D2/5HT2

receptor axis would be approved. However, the May 2009 approval
of the typical antipsychotic, iloperidone, following a prior ‘‘not
approvable’’ letter from the FDA [26] has led at least one key
opinion leader to be ‘‘amazed’’ [27]. Nonetheless, the search
continues for novel targets through which more efficacious and
safer generations of antipsychotic agent can be developed.

3. The NMDA receptor hypofunction theory of schizophrenia

For more than 50 years, the demonstrated clinical effectiveness
of D2 receptor antagonists in treating schizophrenia has focused
research on disease etiology and treatment on dopaminergic
hyperfunction as the primary cause of the disorder [12]. This
hypothesis has been further supported by findings that stimulants
like amphetamine and cocaine that increase brain DA levels
produce symptoms reminiscent of the positive symptoms of
schizophrenia [12,19]. An alternative hypothesis to schizophrenia
causality is that of glutamatergic hypofunction [10]. The NMDA
receptor antagonists, ketamine and phencyclidine (PCP) mimic the
positive, negative, and cognitive symptoms of schizophrenia in
animals and as add-on therapy to antipsychotics in humans [10].
NMDA receptor antagonists can also reinstate schizophrenia-like
effects in stable patients [28]. Conversely, positive allosteric
modulators of the NMDA receptor, e.g., glycine, D-serine, D-alanine,
enhance antipsychotic efficacy [29,30]. These findings have
prompted a search for additional targets that may address the
treatment of schizophrenia by enhancing NMDA receptor function.

Gene association studies over the past decade have identified a
variety of target loci [4] among which are several that have
the potential to modulate glutamatergic neurotransmission [19].
These include: polymorphisms in glutamate receptor genes (GRM3,
GRIN1, GRIN2); neuregulin (NRG1) which modulates phosphoryla-
tion of the NMDA NR2B subunit; dysbindin-1, part of the synaptic
dystrophin/dystrobrevin glycoprotein complex that occurs at high
levels in cells providing glutamatergic input to the hippocampal
formation and; D-amino acid oxidase activator (DAOA), inhibition
of which can modulate endogenous D-serine levels [31].

4. The discovery and characterization of D-amino acid oxidase
activator (DAOA) as a schizophrenia target

Genotyping of a 5-Mb segment of Chr13q34 genetically linked
to schizophrenia using a 191 SNP map in a Canadian cohort of
schizophrenics led to the identification of two regions containing
markers associated with schizophrenia, one of 65.9-kb (Bin A) and
a second of 1380-Kb (Bin B) [31]. Two markers in Bin A present in
the distal 3-Mb ‘‘gene desert’’ of the 5-Mb segment of Chr13q34
were subsequently confirmed in a Russian patient cohort leading
to the annotation of three schizophrenia-related genes; G90

present in Bin B and two overlapping genes in Bin A, G72 and
G30. G72 was entirely included in G30. The longest open reading
frame (ORF) of G72, LG72 encoded a 153 amino acid protein
designated as pGL72 that was primarily expressed in the brain. The
longest LG30 ORF encoded a 71mer, pLG30. Neither pLG72 nor
pLG30 had homology with any known or hypothetic protein
precluding any assignment of putative function. As LG30 failed to
yield a translation product, additional efforts were focused on LG72

which was found to be a primate-specific gene. Using pLG72 as bait
in yeast two-hybrid pull-down experiments involving a human
brain cDNA library of half a million independent clones led to
the identification of a nearly full-length clone of D-amino acid
oxidase (DAAO) as a partner. This enzyme catalyzes the oxidative
deamination of D-amino acids to their corresponding a-keto acids.
D-Serine, an allosteric modulator of the NMDA receptor [10], is a
substrate for DAAO thus providing a mechanistic link between the
schizophrenia-associated gene, G72 and the NMDA hypofunction
theory of schizophrenia. Additional studies [31] showed that
in vitro, pLG72 activated pig kidney DAAO leading it to be renamed
DAOA (D-amino acid oxidase activator). Disease-associated
enhancement of DAAO activity by DAOA activation would
thus theoretically lead to increased D-serine metabolism and a
reduction in NMDA receptor function suggesting that overexpres-
sion of DAOA might be causative in schizophrenia and that an
antagonist of DAOA or an inhibitor of DAAO would represent novel
approaches to developing antipsychotic agents that would act by
potentiating NMDA-mediated glutamatergic neurotransmission.

5. Validation of DAOA/DAAO as novel schizophrenia drug
targets

As with the identification of many novel gene-derived CNS
disease targets, it was necessary to both replicate the initial
association at the genetic level using additional patient cohorts
[1,2] and explore the functional role of the target in traditional
biological systems [14]. While several studies confirmed the
association of DAOA/G72 with schizophrenia [32–37], others
demonstrated an association with bipolar disorder [32,38–40]
and autism [41]. Additionally, morphine altered DAAO mRNA



Fig. 1. Structures of DAAO inhibitors.
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expression in rat brain [42], suggesting a role of the enzyme in
nociception. A number of studies also failed to replicate the
schizophrenia association of DAOA/G72 [43–47] which were
explained by the associated prevalence of mood disorders with
schizophrenia and differences in allelic variants [45]. These
conflicting/‘‘failure-to-replicate’’ findings, although not unusual
in the field of genetic associations for multifactorial CNS diseases
[1,2], led to the DAOA/G72 gene association with schizophrenia,
initially described as ‘‘among the most compelling in psychiatry’’
[15], segueing into being considered as ‘‘enigmatic’’ [46] or ‘‘weak’’
[48,49]. While DAOA was initially reported as an activator of
porcine DAAO in vitro [31], additional studies [50] while
confirming an interaction between DAOA and human DAAO,
showed that the peptide was a negative effector of the human
enzyme rather than an activator confounding the precise role of
DAOA in modulating DAAO activity, at least in vitro, as the activator
effect had not been demonstrated in vivo [31].

Nonetheless, additional work demonstrated: i) an inverse
relationship between D-serine levels and DAAO expression in
development [51]; ii) high levels of D-serine in DAAO�/� mice that
showed reduced stereotypic and rotational activity in response to
NMDA receptor antagonists compared to wild-type mice,
improved Morris Water Maze performance, improved long term
potentiation in the hippocampus and enhanced NMDA receptor
function [52,53]; DAAO activity two-fold higher in the brains of
schizophrenics than controls [54]; increased transcript levels of
G72 but not G30 in the dorsolateral prefrontal cortex of
schizophrenics [32]; and reduced D-serine levels in the serum
and CSF of schizophrenics [54,55]. Thus, irrespective of the
inconsistencies surrounding both the psychiatric disease associa-
tion(s) of G72 and the molecular action of DAOA, G72 has provided
additional support for a relationship between D-serine metabolism
and schizophrenia [56], supporting DAAO as a potentially novel
antipsychotic target.

6. DAAO inhibitors as novel treatments for schizophrenia

DAAO has been extensively studied since the 1930s [57] and
was implicated in the metabolism of endogenous D-serine in the
early 1990s [51]. Interest in its role as a target for CNS drug
discovery was however, overshadowed by a presumed beneficial
role of the kidney form of the enzyme in destroying the D-amino
acids produced by gastrointestinal bacteria [58] that are poten-
tially nephrotoxic [59]. Nonetheless, the relationship between
DAAO and schizophrenia has prompted efforts to identify small
molecule DAAO inhibitors, a weak prototype of which was benzoic
acid ([60]; Fig. 1).

6.1. AS057278

AS057278 (5-methylpyrazole-3-carboxylic acid; Fig. 1) inhib-
ited DAAO with an IC50 value of 901 nM. It had IC50 values of
greater than 10 mM at the glycine site on the NMDA receptor, rat D-
aspartate oxidase and serine racemase [61]. The cellular activity of
AS057278, in terms of protecting cell viability in the presence of
50 mM D-serine, occurred with IC50 values of 2.2–3.95 mM.
AS057278 was orally bioavailable (%F = 40) and at 2 h (10 mg/kg
i.v.) showed modest increases in rat cortex and midbrain D-serine
levels. In the mouse PCP-induced prepulse inhibition (PPI) startle
inhibition response, an animal model that is used to evaluate
antipsychotic agents [19], AS057278 given acutely (80 mg/kg p.o.)
and chronically (28 days, bid, 10 mg/kg i.v.) normalized the PPI in a
manner similar to the atypical antipsychotic, clozapine (3 mg/kg
p.o.). Chronic, but not acute, treatment with AS057278 also
normalized PCP-induced hyperlocomotion.
6.2. CBIO

CBIO (6-chlorobenzo[d]isoxazol-3-ol; Fig. 1) was identified by
compound screening. It is a competitive inhibitor of DAAO activity
with an IC50 value of 188 nM [62]. In vivo, CBIO (30 mg/kg p.o.)
increased both plasma and brain levels of co-administered D-serine
having no effect on brain D-serine levels on its own, possibly due to
an inability to cross the blood brain barrier. CBIO however
potentiated the effects of both D-serine [63] and D-alanine [64] in
attenuating MK-801-induced PPI deficits.

6.3. Merck Compound 8

Compound 8 (4H-thieno[3,2-b] pyrrole-5-carboxylic acid;
Fig. 1] inhibited recombinant human (IC50 = 145 nM) and rat
(IC50 = 114 nM) DAAO [65]. At 30 mM, it had no measurable
activity at 150 other receptors, ion channels or enzymes thus
demonstrating a greater than 200-fold selectivity in its DAAO
interaction. In vivo, Compound 8 (200 mg/kg, i.p.) inhibited rat
kidney and cerebellar DAAO by approximately 96% (kidney) and
80% (cerebellar) at 1 h that was sustained (�87%, kidney; �60%,
cerebellum) for up to 8 h. At this time point, D-serine levels in
plasma, CSF and brain cortex were elevated to 220% (plasma), 175%
(CSF) and 133% (cortex) of controls. The effects of Compound 8 on
D-serine levels were however less pronounced than that of
systemically administered D-serine. At a behaviorally effective
dose of D-serine (1280 mg/kg s.c.), plasma D-serine levels were
elevated 500-fold over control. Compound 8 had no effect on
amphetamine-induced psychomotor activity, nucleus accumbens
dopamine (DA) release or a MK-801-induced deficit in a novel
object recognition (NOR) paradigm. In contrast, D-serine (1280 mg/
kg s.c.) attenuated amphetamine-induced psychomotor activity
and DA release and improved NOR performance. The behaviorally
effective dose of D-serine increased CSF levels of D-serine to
approximately 40-fold above those achieved by the maximal dose
of Compound 8 (200 mg/kg i.p) suggesting that while acute DAAO
inhibition increased D-serine levels in the periphery and CNS, the
levels achieved with Compound 8 were insufficient to produce
behavioral effects similar to those seen with high dose D-serine.
Compound 8 however, decreased spontaneous locomotor activity
indicating some effect on behavior, albeit distinct from that of D-
serine. The authors suggested that Compound 8 dosing might
achieve behavioral efficacy similar to D-serine if administered
chronically.
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6.4. Miscellaneous

A series of patent applications [66–69] on other small molecule
DAAO inhibitors, e.g., benzisoxazoles have been published. From
these, one compound of unknown structure, SEP-227900, is
reportedly in early stage clinical trials for neuropathic pain, an
indication based on the effects of morphine on DAAO expression in
rat brain [42], the reduction in nociception in DAAO knockout mice
[70], and the well established role of glutamate in nociception
[71,72].

7. A null hypothesis?

For nearly two decades, research in schizophrenia has focused
on the identification of gene associations to provide new targets for
drug discovery [4,19]. A large number of associations have been
identified [4] that have often proven difficult to replicate or
have shown additional, promiscuous associations with a diversity
of diseases [19]. The present commentary has focused on the
evolution of the schizophrenia-associated gene, G72 and its
expression product, DAOA/PLG72 towards a validated drug target.

While the initial association has not withstood replication and
similarly, the mechanism of action of DAOA is controversial
[31,50], this genetic association has helped focus attention on
DAAO as a potentially novel target for antipsychotic drug
discovery. It is noteworthy however, that in the absence of earlier
data [51] it is quite possible that the identification of DAAO as a
‘partner’’ for DAOA in the yeast two-hybrid studies may have been
overlooked or considered a false positive.

The current small molecule inhibitors of DAAO, AS057278 [61],
CBIO [62] and Compound 8 [65] have limited efficacy in animal
models in which antipsychotics are robustly active [19], not
achieving the magnitude of effect seen with the prototypic
allosteric NMDA receptor modulator, D-serine [65]. This may
reflect the potency of these compounds, all of which have IC50

values of greater than 100 nM, limitations in their drug-like
characteristics that appear to limit their dosing or lack of access to
the brain. That one DAAO inhibitor, SEP-227900, has advanced to
early stage clinical trials, albeit in neuropathic pain, suggests that
further optimization of current compounds is both possible and
required. Additionally, DAAO appears to modulate the metabolism
of kyneurenic acid, a dual NMDA/nicotinic a7 receptor antagonist
[73].

DAAO knockout mice demonstrate anxiogenic activity [74]
suggesting that the development of more efficacious DAAO
inhibitors as potential antipsychotic agents might be confounded
by side effects. In this context, an alternative approach to the
allosteric enhancement of NMDA receptor function, inhibition of
the glycine transporter-1 (GlyT-1) to increase extrasynaptic
glycine, was associated preclinically with impaired rotorod
performance, labored breathing, tremors, bloody tears, hypother-
mia, tachycardia and body weight loss in rodents [75], underlining
the challenges in drug discovery that are not always obvious at the
gene level. Thus despite the heuristic logic of some of the novel
gene-associated targets in antipsychotic drug research, their
reduction to chemistry-driven, lead optimization efforts is not
necessarily a predictable path as evidenced by current progress on
DAOA and DAAO inhibitors.

8. Summary

To a skeptic, the ever-expanding repertoire of gene-associated,
schizophrenia-related targets raises the question as to whether
continued studies will eventually link all known genes to the
disease. Additionally, when novel targets are identified that lie
outside the currently accepted concepts of disease causality and
indeed, of CNS drug targets, e.g., IL3RA (interleukin 3 receptor
alpha), CSF2RA (colony stimulating factor 2 receptor alpha) [4],
ZNF804a (putative zinc finger binding protein) [5], RSRC1 (arginine/
serine-rich coiled coil 1) and ARHGAP18 (Rho GTPase-activating
protein 18) [7], it is an imperative to reassess what is currently
understood about the disease and how current antipsychotics are
thought to work to see whether the newer information might
represent the elusive paradigm shift in the understanding of
disease causality and its treatment that could lead to innovative
medications. With such ‘‘out of the box’’ associations, the task of
the drug hunter becomes infinitely more complex and challenging
especially if the neurodevelopmental foundation [18] and poten-
tial immunological origins [76–78] of the disease at these new
targets requires prophylactic rather than palliative therapy to truly
improve disease treatment. These findings also question whether
the continued search for gene-associated targets for schizophrenia
is a Sisyphean approach where the technical ability to identify gene
loci far exceeds the capacity, ability (and perhaps willingness) to
reduce these to practice adds minimal value and insight to the
search for the elusive NEW target for effective disease treatment
and instead merely adds additional archival data to SzGene [4].
Such considerations echo Horrabin’s concerns regarding the
Castalian nature of current biomedical research and its contribu-
tion to improved patient health [79] and also underpin the
European Comission’s NEWMEDS (Novel Methods Leading to New
Medications in Depression and Schizophrenia) inititative in
schizophrenia [80] to ‘‘develop better animal models. . . generate
translational technology that could help provide early indicators of
efficacy. . . and.to develop tools to improve patient stratification’’ to
focus on the complexity and heterogeneity of the disease.
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