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Glutamatergic neurotransmission, particularly through the N-methyl-D-aspartate (NMDA) receptor, has
drawn attention for its role in the pathophysiology of schizophrenia. This paper reviews the neurodevelop-
mental origin and genetic susceptibility of schizophrenia relevant to NMDA neurotransmission, and discusses
the relationship between NMDA hypofunction and different domains of symptom in schizophrenia as well as
putative treatment modality for the disorder. A series of clinical trials and a meta-analysis which compared
currently available NMDA-enhancing agents suggests that glycine, D-serine, and sarcosine are more
efficacious than D-cycloserine in improving the overall psychopathology of schizophrenia without side effect
or safety concern. In addition, enhancing glutamatergic neurotransmission via activating the AMPA receptor,
metabotropic glutamate receptor or inhibition of D-amino acid oxidase (DAO) is also reviewed. More studies
are needed to determine the NMDA vulnerability in schizophrenia and to confirm the long-term efficacy,
functional outcome, and safety of these NMDA-enhancing agents in schizophrenic patients, particularly those
with refractory negative and cognitive symptoms, or serious adverse effects while taking the existing
antipsychotic agents.
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1. Introduction

There are plenty of studies which have suggested that dysregula-
tion of dopaminergic (Davis et al., 1991; Toda and Abi-Dargham,
2007), γ-aminobutyric acid (GABA) (Benes and Berretta, 2001; Lewis
et al., 2005), glutamatergic (Goff and Coyle, 2001; Moghaddam, 2003)
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neurotransmission and their interactions (Carlsson et al., 2001) are
involved in the pathophysiology of schizophrenia. Among these, the
hypofunction of N-methyl-D-aspartate (NMDA) glutamatergic neuro-
transmission has gainedmuch attention since two decades ago (Olney
and Farber, 1995; Javitt, 2008).

Conventional antipsychotics, which block D2 dopamine receptors
(Farde et al., 1986), exert effects mainly on positive symptoms.
Second-generation antipsychotics (SGAs) have been suggested to be
superior to conventional agents in terms of efficacy for positive
symptoms, negative symptoms and cognitive deficits but the
therapeutic gain is modest (Green et al., 1997; Lane and Chang,
1999; Leucht et al., 2003; Livingston, 1994). Overall, there is a
considerable percentage of patients resistant or only partially
responsive to available antipsychotic medications (Lieberman et al.,
2005). Life threatening side-effect profiles of SGAs, particularly the
metabolic syndrome, limit the clinical use of these agents (Lu et al.,
2004; Newcomer, 2007; Simon et al., 2009). Moreover, most
schizophrenic patients still suffer from lifelong illness and deterio-
rating function (Hwu et al., 2002;Malla and Payne, 2005; Tsuang et al.,
2000). Hence, there is a great need to develop new therapies that will
provide better long-term efficacy, functional improvement and safety
profiles for schizophrenic patients.

1.1. Glutamate receptors: ionotropic and metabotropic receptors

Glutamate is the most abundant amino acid neurotransmitter in
the mammalian brain. There are two types of glutamate receptors:
metabotropic and ionotropic receptors. More evidence regarding the
involvement of glutamatergic system in schizophrenia focuses on the
ionotropic receptors which are subdivided to 3 subtypes: NMDA,
quisqualate/α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), and kainate (Lodge, 2009). Relief of the depolarization
blockade of NMDA receptor requires the activation of non-NMDA
receptor. Studies on long-term potentiation (LTP) indicate that NMDA
receptors interact with AMPA receptors (Yu et al., 2008). However,
the NMDA receptor is the best studied and most relevant subtype of
glutamate receptors to understand the pathophysiology of schizo-
phrenia. The NMDA receptor has been demonstrated to play an
important role in neurocognition and neurotoxicity (Lipson and
Rosenberg, 1994; Kalia et al., 2008). The psychosis due to the blockade
of the NMDA receptor is similar to the clinical manifestation of
schizophrenia. Up to date, NMDA synapse remains to be the only
therapeutic target that is confirmed to have clinical efficacy. Thus, we
will focus on the glutamatergic neurotransmission via NMDA receptor
in the following review.

1.2. NMDA receptor and synapse

In addition to the agonists and coagonists, theNMDAreceptor can be
regulated by a variety of molecules, including polyamines, proton, zinc,
magnesium, phencyclidine (PCP) and ketamine. These sophisticated
regulatory mechanisms suggest that NMDA receptor can adapt to
endogenous and exogenous signals tomaintain and facilitate a variety of
vital brain functions including cognition, memory, neurodevelopment,
synaptic plasticity and psychosis (Bliss and Collingridge, 1993).

The NMDA receptor is composed ofmultiple subunits including NR1
and one of either the NR2 (NR2 A–D) or NR3 (NR3 A–B) to form
heteromeric receptor-channels with different pharmacologic and
biophysical characteristics (Laurie and Seeburg, 1994) (Fig. 1). The
NMDA receptor possesses a number of unique characteristics. For
example, it has binding sites not only for glutamate or aspartate, but also
a separate coagonist site for the endogenous ligands, D-serine, D-alanine,
and glycine. Occupancy of the coagonist site can increase the frequency
of opening of the channels activated by NMDA agonists, facilitating
excitatory transmission in the brain (Johnson and Ascher, 1987). In fact,
the bindingof bothglycine (or D-serine, D-alanine (Chessell et al., 1991))
and glutamate is required to open the NMDAR channel ionophore
(Mayer et al., 1989; Nong et al., 2003; Thomson et al., 1989) (Fig. 1).

Since D-alanine, which presents only in the pituitary, is less likely
to play physiological role in the neocortex, most studies focused on
the binding of D-serine and glycine on the D-serine/glycine site of
NMDAR. Endogenous D-serine/glycine site agonists also play a role in
neuromodulation. Binding to the D-serine/glycine site enhances the
affinity and efficacy of the glutamate neurotransmission (Fadda et al.,
1988), increases the duration and frequency of the open channel
state (Vyklický et al., 1990), and promotes turnover of the NMDAR
(Nong et al., 2003). Distribution of D-serine parallels to that of NR1,
and D-Serine binds more tightly to the NMDAR than glycine (Furukawa
and Gouaux, 2003).

The NMDAR D-serine/glycine site on the NR1 subunit is not fully
saturated at synapses in brain regions such as the prefrontal cortex,
neocortex, hippocampus, thalamus and brainstem slices, suggesting
that agonists of the D-serine/glycine site are capable of regulating
NMDAR-mediated neurotransmission (Labrie and Roder, 2010).
Glycine is abundant throughout the brain and serves as a major
inhibitory neurotransmitter in the hindbrain. Synaptic concentrations
of glycine are primarily derived from astroglial cells, and its clearance
is mediated by glycine transporter 1 (GlyT-1) (Kinney et al., 2003; Lim
et al., 2004). D-Serine has been found to be more potent than glycine
in targeting the D-serine/glycine site of most NMDARs (Boehning and
Snyder, 2003).

Treatment with DAO results in depletion of D-serine which has been
shown to attenuate NMDAR activity in cerebellar and hippocampal
slices, hippocampal cell cultures, and retina preparations (Mothet et al.,
2000; Gustafson et al., 2007). Supporting the physiological role, DAO
inhibitor can facilitate the effects of D-serine onprepulse inhibition (PPI)
(Hashimoto et al., 2009). D-Serine levels were reduced in the
cerebrospinal fluid of drug na ve patients with schizophrenia (Hashi-
moto et al., 2005; Bendikov et al., 2007). Diminished D-serine alongwith
elevation in L-serine also suggests a dysfunction of serine racemase
(SRR) activity (Hashimoto et al., 2003). Changes in SRR protein
expression have been found in the postmortem brains of schizophrenic
individuals (Bendikov et al., 2007; Steffek et al., 2006; Verrall et al.,
2007). Similarly, glycine levels have been found to be reduced in drug-
free schizophrenic individuals and inversely correlate with the severity
of negative symptoms (Sumiyoshi et al., 2004; Neeman et al., 2005).
However, high-dose glycine impairs the prepulse inhibition measure of
sensorimotor gating in humans, which does not support the glycine
treatment for cognition (O'Neill et al., 2010). Due to glycine's complex
metabolism of both excitatory and inhibitory signaling, D-serine is likely
a better choice than glycine when considering applying full agonist for
treatment.

Other regulators involved in the metabolism of D-serine such as D-
amino acid oxidase (DAO) (Verrall et al., 2007; Bendikov et al., 2007),
protein-interacting with kinase C (PICK1) (Beneyto and Meador-
Woodruff, 2006) and alanine–serine–cysteine transporter 1 (Asc-1)
(Burnet et al., 2008) were also found to be related to the D-serine levels.
Depletion of D-serine was found to be associated with NMDAR-
mediated neurological functions and NMDAR-induced neurotoxicity,
as well as NMDAR-dependent LTP in many brain regions especially the
hippocampus (Gustafson et al., 2007; Shleper et al., 2005; Mothet et al.,
2006). D-Serine supplement can entirely reverse the effects of decreased
NMDAR-mediated neurotransmission (Mothet et al., 2000, 2006; Yang
et al., 2003; Panatier et al., 2006; Gustafson et al., 2007), moreover,
enhance NMDAR signaling demonstrated both in vitro (Chen et al.,
2003; Martina et al., 2003; Yang et al., 2003; Chapman et al., 2003) and
in mice which lack DAO activity (Wake et al., 2001), Acs-1 (Xie et al.,
2005) or have diminished GAD67 expression (Reynolds et al., 2004;
Torrey et al., 2005). In human genetic studies, significant associations
between DAO (Ohnuma et al., 2009) and G72 (DAOA)/G30 (Shinkai
et al., 2007) genepolymorphisms and schizophreniawere also observed
in case–control association analyses.



Fig. 1. The known regulators and potential drug targets of NMDA synapse which include the “glycine” coagonist site on NR 1 subunit, serine racemase, D-amino acid oxidase (DAAO),
D-amino acid oxidase activator (DAOA, G72) and D-serine uptake site (ASC-1). Aspartate and glutamate are agonists; glycine and D-serine are coagonists of the NMDA receptor.
Magnesium blockage is released upon depolarization. PCP is a channel blocker. D-Serine is synthesized by serine racemase from L-serine. D-Serine is localized to both neurons and
glial cells and is uptaken via ASC-1. D-Serine is metabolized by DAAO into hydroxy pyruvate. The degradation is inhibited by benzoate. Role of DAOA as an activator or inhibitor is
unclear. Glycine is uptaken by GlyT-1 and metabolized to L-serine by GCS. Sarcosine inhibits the glycine uptake through GlyT-1. ASC-1, arginine–serine–cysteine transporter-1; ASP,
aspartate; DAAO, D-amino acid oxidase; DAOA, D-amino acid oxidase; GCS, glycine cleavage system; GLU, glutamate; GlyT-1, glycine transporter 1; NR1,2, NMDA receptor subunit
1,2; and PCP, phencyclidine.
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1.3. Metabotropic glutamate receptor

mGluRs are relevant to schizophrenia as they have a role in
modulating NMDAR-mediated neurotransmission. mGluRs are guanine
nucleotide binding proteins [G] protein coupled receptors. When
mGluRs are activated by glutamate, they release GDP, which subse-
quently alters activities of enzymes, ion channels, and vesicle transport.
There are 8 subtypes of mGluRs, classified into 3 groups based on
signaling pathways, pharmacology properties, and similarities in DNA
sequences. Group 1 mGluRs use Gq proteins, and when activated by
glutamate, signaling cascade involves phospholipase C which cleaves
phosphatidylinositol-4-5 bisphosphate into diacylglycerol and inositol
1, 4, 5-triphosphate results in calcium release. Group 2 and Group 3
mGluRs interactions with G1/o species and signaling proteins include
adenyl cyclase,which creates cyclic adenosinemonophosphate (cAMP).
mGluRs have been found at presynaptic glutamate terminals and GABA
interneurons (Herron et al., 1986). Group 1 mGluRs can be found near
synaptic dendritic spines, mGluR5 is located in the cortex, and
hippocampal mGluR2 and mGluR3 are located both pre and postsyn-
aptically on glutamatergic and GABAergic neurons. mGluR3 is also
found in glia. One of the most striking effects of mGluR activation in a
number of areas in the brain is promoting NMDAR-mediated neuro-
transmission (Conn et al., 2008). Specifically, Group 1 mGluRs increase
presynaptic glutamate release, while Group 2 mGluRs decrease
presynaptic glutamate release.

There exists a positive feedback mechanism between mGluR5 and
NMDAR in which activation of mGluR5 potentiates NMDAR generated
currents, and NMDARmediated depolarization results in activation of
a serine/threonine protein phosphatase that dephosphorylates
mGluR5, which reverses desensitization of mGluR5, thereby allowing
mGluR5 to be depolarized again (Alagarsamy et al., 1999). mGluR5 is
located in the hippocampus and cortex, especially postsynaptic in CA
1 pyramidal cells. mGluR5 is also found in GABA neurons. Animal
models of GluR5 knockouts exhibit decreased EPSP in the hippocam-
pus and deficient NMDA dependent LTP and learning, indicating that
mGluR5 is needed to maintain normal NMDAR-mediated neurotrans-
mission. In addition, mGluR5 antagonists increase the effects of
NMDAR antagonists. Group 2 mGluRs decrease glutamate release
from presynaptic terminals, and likely function as autoregulation to
protect neurons from excitotoxicity.

Group 2 mGluRs agonists block the effects of psychotomimetic
agents on glutamatergic neurotransmission (Conn et al., 2008).
Interestingly, however, activating mGluR2s has a paradoxical effect
on dopamine release. Van Berckel et al. (2006) studied a mGluR2
agonist, LY354740 effect in four baboons. Amphetamine administra-
tion increased DA synaptic concentration as evidenced by decreased
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D2 receptor binding by [11C]raclopride, detected by PET scanning. In
baboons treated by LY354740 there were even less unoccupied D2
receptors, indicating that stimulation of Group 2 mGluRs, thereby
decreasing glutamatergic neurotransmission, increased in amphet-
amine induced release of dopamine in non human primates. However,
the relationship between glutamate and dopamine is complex, as
midbrain DA neurons are both activated by glutamate directly and
inhibited indirectly by glutamate's effects on GABAergic interneurons.
In terms of potential drug development, research has focused on
Group 1, which includes mGluR1 and mGluR5, and Group 2, which
includes mGluR2 and mGluR3.
2. Neurodevelopmental origin and genetic vulnerability
of schizophrenia

Since NMDA receptor is essential and ubiquitous, it is highly
regulated. Only when genetic insult(s) reaches a threshold of low
NMDA function and impair the neurodevelopment, the nervous system
will become vulnerable to schizophrenia. Findings from genetic studies
suggest that the accumulation of multiple variations of candidate
genes, rather than any single gene, may serve as a general model
for the pathogenesis of schizophrenia (Girirajan and Eichler, 2010).
Several susceptible factors have been identified, including D-amino-acid
oxidase (DAO) (Chumakov et al., 2002), G72 (also called D-amino acid
oxidase activator (DAOA)) (Detera-Wadleigh and McMahon, 2006),
dysbindin-1 (Talbot et al., 2004), neuregulin-1 (NRG1) (Stefansson
et al., 2002), regulator of G-protein signaling 4 (RGS4) (Chowdari
et al., 2002), Disrupted-in-Schizophrenia 1 (DISC1) (Millar et al., 2000),
the C-terminal PDZ domain ligand of neuronal nitric oxide synthetase
(CAPON) (Brzustowicz et al., 2004), neuronal PAS domain protein 3
(NPAS3) (Pickard et al., 2005) andmicrodeletion of chromosome22q11
(Bassett and Chow, 1999). Most of these schizophrenia-associated
genes influence the neuronal differentiating and migration processes
(Kamiya et al., 2005).

Schizophrenia is a chronic and devastating mental disorder, of
which the onset is primarily in late adolescence and adulthood.
Various lines of evidence, including susceptibility genes (Jaaro-Peled
et al., 2009; Shi et al., 2008; Walsh et al., 2008), environmental risk
factors (Cannon et al., 2002), interaction between genetic and
environmental factors (Cardno et al., 1999; Singh et al., 2004) and
epigenetic changes (Singh and O'Reilly, 2009), have supported that
there are deficits during neurodevelopment that underlie the
pathophysiology of the disorder. These risk factors have been
proposed to operate synergistically on both neurodevelopment and
glutamate-associated signaling (Hayashi-Takagi and Sawa, 2010).

Reorganization of synapses occurs extensively during postnatal
brain development until young adulthood, and one of the major
changes is reorganization of glutamatergic synapses in which the
NMDA receptor plays a key role (Matsuzaki et al., 2004). NR2A and
NR2B subunits have different conductance and calcium permeability.
NR2A and NR2B subunits are highly expressed in the forebrain
corticolimbic regions and undergo a developmental shift: progres-
sively switching from richness in NR2B subunits in the early postnatal
brain into richness in NR2A subunits during development (Quinlan
et al., 1999; Sheng et al., 1994). A primary role of this shift is to change
the threshold for modifying synaptic strength. Therefore, the NR2A/
NR2B ratio contributes significantly to the development of cortical
functions (Yashiro and Philpot, 2008). This developmental switch will
result in changes in brain plasticity and synaptic transmission (van
Zundert et al., 2004). Another important neurodevelopmental process
called “synaptic pruning,” in which synapses are reorganized into
more efficient configurations, also involves glutamatergic synapses
(Bourgeois and Rakic, 1993). Plausible scenario of schizophrenia
includes “faulty” molecular switch early on or over-pruning later
during adolescents (Gao et al., 2000; Insel, 2010) which is consistent
with a decrease in NMDA receptor density reported in post-mortem
brain from schizophrenic patients (Sokolov, 1998).

Consistent with this, N-acetylaspartate, a glutamatergic synapse
marker, also changes during adolescence, as evident in magnetic
resonance spectroscopy studies (Kadota et al., 2001). Neuroanatomic
and neuroimaging studies found that glutamate receptor binding
alters in the prefrontal cortex, thalamus, and hippocampus in subjects
with schizophrenia (Pilowsky et al., 2006). These findings are
supported by molecular studies that glutamatergic spines may be
altered as reflected in reduced expression of Cdc42 and DuomRNAs in
patients with schizophrenia (Hill et al., 2006). Many schizophrenia
risk factors involve the postsynaptic components, including NRG1
receptor erbB4 (Li et al., 2007), nNOS (Cheah et al., 2006), DISC1
(Hayashi-Takagi et al., 2010), NMDA receptor subunit 2B (GRIN2B)
(Hashimoto et al., 2007) and postsynaptic density (PSD) (Sheng and
Hoogenraad, 2007). One of the critical synaptic components, D-serine,
an endogenous co-agonist of the NMDA receptor generated from
L-serine by serine racemase (SRR) (Wolosker et al., 1999) and degraded
by DAO (Nagata, 1992), is also involved in the pathology of
schizophrenia (Fig. 1). Taken together, glutamatergic synapse, partic-
ularly the NMDA synapse, may contribute to the pathophysiology for
schizophrenia. Exploiting these novel findings, rather than the
dopaminergic and serotoninergic theory, can instill hope for new
treatment strategy.

3. Evidence of NMDA hypofunction in schizophrenia

Much evidence suggests that hypofunction of NMDA receptor-
mediated neurotransmission is a critical deficit in schizophrenia
(Bachus and Kleinman, 1996; Coyle, 1996; Javitt, 2004; Olney and
Farber, 1995). The involvement of the NMDA system in schizophrenia
is further evidenced by the effects of the NMDA-receptor antagonists,
PCP and the dissociative anesthetic, ketamine, both of which induce
psychiatric and physiological changes resembling schizophrenia more
closely than the symptoms induced by amphetamine/dopamine
agonist (Kudoh et al., 2000; Radant et al., 1998; Krystal et al., 1994).
The hypothesis originated from the study of a recreational and
dissociative drug, phencyclidine, which was formerly used as an
anesthetic agent, exhibiting hallucinogenic and neurotoxic effects.
Developed in 1926, it was first patented in 1952 by the Parke-Davis
pharmaceutical company andmarketed under the brand name Sernyl.
Luby et al. (1959) first studied phencyclidine as a schizophrenomi-
metic drug. PCP causes not only positive and negative symptoms
similar to amphetamine, but also cognitive deficits associated with
schizophrenia (Mouri et al., 2007; Nabeshima et al., 2006).

Animal studies of the treatment with MK801, the NMDA channel
blocker, impaired cognitive flexibility and working memory in rat
pups, suggesting that a brief disruption of NMDA receptors is able to
produce selective cognitive deficits that are relevant to schizophrenia
(Stefani and Moghaddam, 2005). Glycine transporter inhibitors could
also reverse PCP-induced effects. In behavioral studies, the potency of
a series of GlyT1 antagonists for the inhibition of PCP-induced
hyperactivity in vivo correlated significantly with their potency in
antagonizing GlyT1 in vitro (Javitt et al., 1999). In rodents, treatment
with N[3-(4k-fluorophenyl)-3-(4k-phenylphenoxy)propyl]sarcosine
prevents dopaminergic dysregulation following chronic or subchronic
PCP administration (Javitt et al., 2004), and improves MK-801-
induced cognitive deficits (Karasawa et al., 2008). Furthermore,
GlyT1 heterozygous knockout mice are more resistant to PCP-induced
disruption of PPI and possess better working memory (Tsai et al.,
2004b).

Significant increase in positive, negative and disorganized symp-
toms (Lahti et al., 2001), as well as thought disorder(Adler et al.,
1999), is seen in both normals and subjects with schizophrenia when
given subanesthetic dose of ketamine. NMDA blockade by ketamine
reproduces some of the cognitive deficits shared by patients with
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schizophrenia, such as impaired performance on the Wisconsin Card
Sorting Test (WCST), decrease in verbal declarative memory, delayed
word recall and verbal fluency, and impaired spatial and verbal
learning performance by using the virtual Morris water task (Rowland
et al., 2005), suggesting impaired hippocampal and frontal function-
ing in schizophrenia (Malhotra et al., 1997; Newcomer et al., 1999).
Moreover, glycine transporter inhibitors reverse the behavioral and
neurochemical effects of PCP (Buchanan et al., 2007; Javitt et al., 2004,
1999). These findings support the hypothesis that symptoms of
schizophrenia could arise from attenuated NMDAR-mediated neuro-
transmission. It can be further proposed that the psychotomimetic
effectsmay be caused by not only noncompetitive antagonists but also
any dysfunctional attenuation of the NMDA receptor-mediated
neurotransmission.

NMDA ionophore blockers are a universally strong psychotomi-
metic. Nabeshima et al. (2006) testified the hypothesis that
attenuated glutamate neurotransmission is involved in the patho-
physiology of schizophrenia by demonstrating emotional and cogni-
tive deficits in mice treated with PCP. Repeated PCP treatment
resulted in NMDA receptor hypofunction and insufficient extracellular
glutamate levels in the prefrontal cortex, indicating that NMDA
antagonism impairs both pre- and postsynaptic glutamate trans-
missions (Nabeshima et al., 2006). However, it is inconclusive
whether D-serine/glycine site inhibitors are also potent psychotomi-
metic agents. Ethanol, at concentrations associated with behavioral
psychotomimetic effects in humans, inhibits the NMDAR at the D-
serine/glycine site and disrupts the function of the post-synaptic
excitatory effects of glutamate, adding to the rationale to enhance
NMDA function through the D-serine/glycine site to curtail the
psychosis. Inhibition effect of ethanol on the NMDAR in the fetal
brain likely contributes to the CNS manifestations of fetal alcohol
syndrome which has a global NMDA shutdown and extensive
neurodevelopment deficits (Tsai and Coyle, 1998). Whereas MK-801
produced characteristic neuronal vacuolization and necrosis in the
posterior cingulated/retrosplenial cortex, ACEA 1021, another D-
serine/glycine site inhibitor, had no effect on neuronal morphology
and has minor psychotomimetic and amnestic effects in rats
(Kretschmer et al., 1997). Accordingly, we consider that upregulating
the NMDA function by the D-serine/glycine site for the treatment of
schizophrenia will not be overtly strong to produce toxic side effects
by over-activating the glutamate binding site.

Two lines of studies shown below support the pharmacological
model of NMDA hypofunction as being involved in schizophrenia. First,
to correct hypofunction of NMDA receptor, upregulation of the NMDA
receptor has been proposed as a therapy for schizophrenia (Deutsch
et al., 1989; Javitt, 2008; Javitt and Zukin, 1991). Agents directly or
indirectly enhance the NMDA function had been tested to determine
their efficacy for the treatment of schizophrenia. Clinically, augmenta-
tion through theNMDA-glycine site is preferred toavoid thewell known
excitotoxicity mediated through the glutamate binding site (Coyle and
Puttfarcken, 1993; Javitt, 2008; Javitt et al., 2004; Leeson and Iversen,
1994). The generally accepted goal of NMDA-enhancement is accom-
plished through activating the D-serine/glycine coagonist site.

The second line of evidence comes from a series of genetic linkage
and association studies that point to a defect on the glutamatergic
synapses that can contribute to the hypofunction of NMDA neurotrans-
mission in schizophrenia (Harrison and Weinberger, 2005). Genetic
studies in schizophrenia have been performed extensively over the last
two decades, resulting in thousands of published reports cataloged in
the SchizophreniaGene (SZGene) database of the Schizophrenia
Research Forum (Shi et al., 2008). Up to 20 susceptibility genes,
replicated or not, have been found to be associated with schizophrenia
(Norton et al., 2006; O'Tuathaigh et al., 2007; Shi et al., 2008), including
proline dehydrogenase (PRODH), dysbindin (DTNBP1), NRG1(Tosato
et al., 2005), the DISC1 gene (Sawamura and Sawa, 2006), catechol-o-
methyltransferase (COMT), V-AKT murine thymoma viral oncogene
homolog 1 (AKT1) and RGS4 (Volk et al., 2010). Significant associations
between DAO (Ohnuma et al., 2009) and G72 (DAOA)/G30 (Shinkai
et al., 2007) genepolymorphisms and schizophreniawere also observed
in case–control association analyses. Many of these genes are related to
the glutamatergic neurotransmission systems, such as ionotropic
glutamate receptor genes (GRIN1, GRIN2A, GRIN2B and GRIK3),
metabotropic glutamate receptor genes (GRM3) and the G72/G30
locus (Qin et al., 2005; Cherlyn et al., 2010; Zhao et al., 2006).

NMDA neurotransmission is influenced by these risk genes, among
which only the enzyme that catabolizes D-serine and D-alanine, DAO, a
flavoenzyme of peroxisomes existing in the brain, kidney and liver of
mammals, and its primate-specific activator G72, are directly involved
in the NMDA neurotransmission (Fig. 1). D-Serine is more potent
than glycine as the neurotransmitter for the coagonist site of the NMDA
receptor (Heresco-Levy et al., 2005; Scolari and Acosta, 2007; Tsai et al.,
1998) and DAO is responsible for degrading D-serine, D-alanine, full
agonists of the coagonist site (Fukui and Miyake, 1992; Vanoni et al.,
1997).G72 regulatesDAOactivity, enhancesmetabolismof D-serine and
D-alanine, and can attenuate NMDA neurotransmission. Over the past
7 years,more than 30 studies havedemonstrated the association of DAO
and G72with schizophrenia (Boks et al., 2007). The genetic findings are
consistent with the neurochemical findings that serum and cerebrospi-
nal fluid levels of D-serine are reduced in patients with schizophrenia
(Bendikov et al., 2007; Hashimoto et al., 2005).

4. Evidence of NMDA hypofunction in animal genetic models

Several genes associatedwith glutamatergic NMDA synapses show
relevance to schizophrenia (Hui et al., 2009). Some of these genes
were studied in animal genetic models to demonstrate their
implication in the pathophysiology of schizophrenia.

Mice which express only 5%–10% of the NR1 subunit of the NMDA
receptor exhibit schizophrenia-like behaviors, such as abnormalities in
motor activity, sensory processing, stereotypy, sexual, and social
behavior (Duncan et al., 2004; Mohn et al., 1999; O'Tuathaigh et al.,
2010). Although modest impairment in olfactory function may
contribute to these social deficits (Duncan et al., 2004; Moy et al.,
2008), evidence from theseNR1hypomorphicmice supports the impact
of impaired NMDA receptor function in murine with association to
negative symptoms in schizophrenia (Halene et al., 2009). Mice with
mutations in members of NR2 and NR3 subunits also show varying
levels of alteredbehaviors, includinghypoactivity,motor incoordination
and changes in PPI (van den Buuse, 2010), a model of sensory gating.

Targeting the glycine binding site of the NMDA receptor 1 (NR1)
subunit is another way to modulate NMDA function. Two mouse lines
carrying pointmutations in the glycine binding site of the NR1 subunit
resulted in reduction in glycine binding affinity (Kew et al., 2000).
Mutant mice express different levels of NMDA receptor subunits
relative to wild type mice, and a mild reduction in glycine binding
affinity. The mutation results in an impairment of LTP and spatial
learning and alterations in anxiety-related behavior, providing
evidence for the role of NMDA receptor dysregulation in behavioral
abnormalities of schizophrenia (Kew et al., 2000).

Compound heterozygote mice which exhibit a marked NMDA
receptor hypofunction by approximately 90% reduction of glycine
affinity reveal deficits in hippocampal LTP, insensitivity to dizocilpine
pretreatment and increased startle response but normal PPI (Ballard
et al., 2002). These mice also show hyperactivity and stereotyped
behavior resistant to suppression by antipsychotics and zolpidem,
representing a murine model of severe NMDA receptor hypofunction
which is insensitive to pharmacological inhibition (Ballard et al.,
2002; van den Buuse, 2010). The involvement of severe dysfunction of
NMDA in treatment-resistant schizophrenia as implicated in this
model is intriguing. Given the findings, it is not surprising that
treatment by antipsychotic is in vain when the deficit is severe NMDA
dysfunction.
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In contrast to attenuating the NMDA activity by reducing glycine
binding, increasing synaptic glycine can enhance NMDA function.
Pharmacological studies have suggested that the glycine transporter,
GlyT1, regulates concentrations of glycine at synaptic NMDA receptor.
While homozygous GlyT1(−/−) mice died within 12 h of birth,
heterozygous GlyT1(+/−) mice with a 50% reduction of transcripts
exhibit better spatial retention, less sensitivity to an amphetamine
disruption of PPI and more sensitivity to the effects of MK-801, a non-
competitive antagonist of the NMDA receptor(Tsai et al., 2004b). The
finding suggests that agents which inhibit GlyT1 may have the
potential in cognitive enhancement and symptom improvement by
reversing the NMDA hypofunction in schizophrenia.

Regulating synaptic aspartate and glutamate, however, induces
opposite effects from glycine. The glial glutamate and aspartate
transporter (GLAST) regulates extracellular glutamate levels via
uptake into glia. GLAST knockout mice show locomotor hyperactivity
to a novel environment, which has been linked to GABAergic
disinhibition of glutamate release and neuronal hyperexcitability in
prefrontal cortex and is normalized by haloperidol and the mGlu2/3
receptor agonist (Karlsson et al., 2008). Poor nesting behavior and
abnormal sociability, as well as significantly reduced acoustic startle
response and impaired learning are also noted in GLAST knockout
mice, suggesting that GLAST knockout mice exhibit behavioral
abnormalities relevant to the negative and attentional/cognitive
symptoms of schizophrenia. The GLAST knockout mechanism of
NMDA dysfunction can be due to excitotoxicity, consequently,
attenuation of NMDA function, and it provides support for the
hypothesis that glutamate dysregulation contributes to the patho-
physiology of schizophrenia (Karlsson et al., 2009).

DAO has been linked to risk for schizophrenia in human and
animal studies (Corvin et al., 2007). Coadministration of a DAO
inhibitor, 5-chloro-benzo[d]isoxazol-3-ol (CBIO), with D-serine, but
not D-serine alone, significantly attenuated NMDA antagonist-induced
the PPI deficits in mice (Hashimoto et al., 2009). The finding suggests
that coadministration of a DAO inhibitor and D-serine has potential for
the treatment of schizophrenia.

A synthetic enzyme, SR, converts L-serine to D-serine (Miya et al.,
2008) (Fig. 1). Dysfunction in SR causes a reduction in D-serine level,
resulting in NMDA hypofunction, indicating that SR is a risk gene
candidate for schizophrenia. Genetically modified mice with impaired
SRproduction and consequent inability to produce endogenous D-serine
alter glutamatergic neurotransmission, resulting in behavioral changes
of hyperactivity and impaired spatial memory to an extent mimicking
human schizophrenic syndrome (Basu et al., 2009).

5. NMDA enhancing treatments

Although the NMDA antagonism can account well for the
phenomenology of schizophrenia, a critical challenge is whether the
NMDA hypothesis can be applied to develop new therapeutic
approaches for schizophrenia (Buchanan et al., 2007; Coyle et al.,
2002; Javitt, 2004). There have been several NMDA-enhancing agents
that can be classified by 3 different mechanisms of action: 1) full
agonists of the coagonist site: glycine, D-serine and D-alanine; 2)
partial agonist of the coagonist site: D-cycloserine; and 3) GlyT1
inhibitor, that blocks the reuptake of glycine: sarcosine (Fig. 1).
Studies have demonstrated clinical benefits of agonists of the
coagonist site added to treatment of antipsychotics (other than
clozapine) for chronically ill schizophrenia patients, not only on
negative symptoms, but also on positive, cognitive, and depressive
symptomswhen comparedwith placebo add on treatment (Goff et al.,
1999; Javitt et al., 2001; Tsai et al., 1998, 2004a, 2006), with small to
medium effect sizes similar to those seen with atypical antipsychotics
(Altamura et al., 2007).

Nevertheless, NMDA enhancing treatments have not been opti-
mistic so far for the treatment-resistant schizophrenic patients who
receive clozapine treatment. Goff et al. (1996) reported that D-
cycloserine caused negative symptoms worsening in clozapine-
treated patients. D-Serine and sarcosine showed neither improvement
nor deterioration in any type of symptoms (Tsai et al., 1999). These
findingsmight be explained by clozapine's effects on NMDA receptors,
older age and longer illness durations of clozapine-treated patients
(Tsai et al., 1999).

6. Effects on different symptom domains of schizophrenia:
negative symptoms, cognitive deficits and quality of life

Negative symptoms are often refractory to antipsychotic treat-
ment with the exception of clozapine. Although some studies suggest
that newer SGAs targeting both dopamine D2 and serotonin 5HT2
receptors (Kapur et al., 1999) are superior to conventional agents for
treating negative symptoms but their effects are not unequivocal
(Green et al., 1997; Lane and Chang, 1999; Leucht et al., 2003;
Livingston, 1994). The NMDA-enhancing agents add-on therapy has
been demonstrated to be beneficial on the negative symptoms in
chronic schizophrenic patients who have been receiving stable doses
of antipsychotics, either conventional or SGAs (Goff et al., 1999; Javitt
et al., 2001; Lane et al., 2008; Tsai et al., 1998, 2004a, 2004b, 2006).
Since negative symptoms are one of the main causes of disability and
poor outcome in schizophrenic patients (Altamura et al., 2007), the
effects of NMDA-enhancing agents on negative symptoms thus may
improve the long-term functional outcome of schizophrenia.

Deficits in cognitive functions, such as sustained attention,
working memory and executive function, have been considered as
core symptoms and associated with poor outcome and functioning of
schizophrenia more strongly than other symptom domains, including
psychotic symptoms of hallucinations or delusions (Altamura et al.,
2007; Chen et al., 2004; Chen and Faraone, 2000; Chen et al., 1998;
Green, 1996; Liu et al., 2006; Tsuang et al., 2006). However, the
cognitive effects of current medications, including conventional or
SGAs, are inconclusive at best (Breier, 1999). Furthermore, the
differential effects of SGAs, as compared to the conventional
antipsychotics, on cognition are small (Goldberg et al., 2007). It's
noteworthy that NMDA-enhancing agents can benefit the cognitive
factor of the symptom assessment. However, in the CONSIST trial,
there is no cognitive effect found (Buchanan et al., 2007). However,
rigorous cognitive study of D-serine and other NMDA agents had not
been done. Only a small-sized study (Lane et al., 2008) addressed
efficacy of glycine analog as a monotherapy for schizophrenia. Most
people receive the NMDA agent as add on treatment. Head to head
comparison studies to compare efficacy of NMDA treatment and SGAs
is needed.

We consider that tonic blockade of the glycine site is much harder
to reach than shutting down the channel, which can only be released
by depolarization blockade; therefore, the glycine analogs are less
potent than NMDA channel blockers to cause positive symptoms and
cognitive disruption. At the same time, current clinical trials use
NMDA-glycine site analogs, which reach ceiling effects at high doses.
Glycine itself is a nonspecific neurotransmitter. High dose D-serine
has potential renal toxicity (Kantrowitz et al., 2010). These limitations
to escalating the dosages would be a main hurdle to maximize the
efficacy.

Other than neurotransmission, synaptic plasticity, memory, and
cognition are also regulated by the NMDA receptor (McDonald and
Johnston, 1990). Thus, attenuation of NMDA receptor-mediated
neurotransmission can result in loss of neuronal plasticity and
cognitive deficits. Olney and Farber (1995) proposed that hypo-
NMDA function induced by NMDA receptor antagonists is neurotoxic
and may account for deterioration and brain atrophy. Accordingly,
NMDA-enhancing agents are supposed to work as not only antipsy-
chotics but also cognitive enhancers that can correct neurodevelop-
mental deficits in schizophrenia. In chronically ill patients with
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schizophrenia, some cognitive improvements, although limited to
PANSS cognitive subscale or WCST, have been observed with
treatment of high-dose glycine (Javitt et al., 2001), D-serine (Here-
sco-Levy et al., 2005; Tsai et al., 1998), and sarcosine (Lane et al., 2005;
Tsai et al., 2004a). However, rigorous cognitive study of D-serine and
other NMDA agent had not been done. It is still premature to claim
that NMDA-enhancing agents possess cognition-improving effect
until there is strong evidence from long-term trials and neurocogni-
tive studies.

On the other hand, impaired quality of life in schizophrenic
patients has been increasingly emphasized and considered to have
correlation with strong cognitive deficits. Significantly poorer quality
of life was reported in schizophrenic patients than healthy subjects as
measured by World Health Organization Quality of Life-Brief Form
(WHOQOL-BREF), in physical, psychological, as well as social domains
which were correlated to cognitive deficits in executive function and
working memory (Alptekin et al., 2005). A 12-month, open-label trial
of rivastigmine in residual schizophrenia revealed that the improve-
ments in quality of life were parallel with that in learning andmemory
via the cholinergic pathway (Lenzi et al., 2003). NMDA-enhancing
agents potentially can also improve the quality of life through
improving cognition and memory. Indeed, sarcosine was also found
to improve quality of life in patients with acutely ill schizophrenia
(Lane et al., 2008). However, more long-term data are needed to
confirm the effect of NMDA-enhancing agents on quality of life.

7. Clinical efficacy of NMDA enhancing agents

A recent meta-analysis of all the double-blind, placebo-controlled
studies in patients with schizophrenia examined the efficacy, the
dose–response, the effects of concomitant antipsychotics, and side
effects of all the NMDA-enhancing agents (Tsai and Lin, 2010). The
result of 800 subjects from 26 studies showed that the NMDA-
enhancing agents are significantly effective in most schizophrenic
symptom domains with the effect size in the order of depressive
(0.40), negative (0.38), cognitive (0.28), positive symptom (0.26), and
general psychopathology (0.26). The meta-analysis found that
glycine, D-serine and sarcosine are better than D-cycloserine in
improving the overall psychopathology without side effect or safety
concern in patients receiving antipsychotic, both conventional and
SGAs, other than clozapine.

Current NMDA-enhancing agents are different in their efficacy in
positive, negative and cognitive symptoms as summarized in Table 1,
given that these agents are not a homogenous group. For example,
glycine and D-cycloserine were found to have benefits in improving the
negative symptoms, but not the positive and cognitive symptoms (Goff
et al., 1999;Heresco-Levy et al., 2004, 1999). Compared to D-cycloserine,
Table 1
Characteristics of clinical trials of NMDA enhancing agents and their effects on domains of

Study Drug and dose Concomitant
antipsychotic

Heresco-Levy et al. (1999) Glycine 0.8 g/kg body weight TYP+CLO
Javitt et al. (2001) Glycine 0.8 g/kg body weight TYP+CLO+A
Heresco-Levy et al. (2004) Glycine 0.8 g/kg body weight ATYP
Buchanan et al. (2007) Glycine 60 g/day or D-CS 50 mg/day TYP+ATYP
Goff et al. (1999) D-CS 50 mg/day TYP
Tsai et al. (2006) D-alanine 100 mg/kg/day TYP+ATYP
Tsai et al. (1998) D-serine 30 mg/kg/day TYP+ATYP
Tsai et al. (1999) D-serine 30 mg/kg/day CLO
Heresco-Levy et al. (2005) D-serine 30 mg/kg/day ATYP
Lane et al. (2005) (acute patients) D-serine 2 g/day or Sarcosine 2 g/day) ATYP (risperi
Lane et al. (2010)
(chronically stable patients)

D-serine 2 g/day or Sarcosine 2 g/day) ATYP

Tsai et al. (2004a, 2004b) Sarcosine 2 g/day TYP+ATYP
Lane et al. (2006) Sarcosine 2 g/day CLO
Lane et al. (2008) Sarcosine 2 g or 1 g/day No

TYP, typical antipsychotics; ATYP, atypical antipsychotics; and CLO, clozapine.
glycine and D-serine treatments have more comprehensive symptom
improvement profiles, including better effects on negative symptoms
(Goff et al., 1999; Javitt et al., 2001; Lane et al., 2008; Tsai et al., 1998,
2004a, 2006). Adjunctive D-serine offered significant improvements in
chronically stable patients in positive, negative, cognitive symptoms
and even WCST performance, which reflects prefrontal function
(Heresco-Levy et al., 2005; Tsai et al., 1998). Furthermore, higher
serumD-serine levelswere associatedwithmore symptomamelioration
(Tsai et al., 1998). Glycine can even reduce negative symptoms in
treatment-resistant schizophrenia (Heresco-Levy et al., 1999). This is
probably because glycine and D-serine are full agonists, which can
activate NMDA coagonist sites to the maximal extent, whereas D-
cycloserine is a partial agonist, that cannot optimally activate theNMDA
receptor (Tsai et al., 1998, 1999). Another D-amino acid and full agonist
of theNMDA-coagonist site, D-alanine, also showed similar efficacywith
D-serine when added to antipsychotics for treatment of schizophrenia
(Tsai et al., 2006). Adjunctive D-alanine is also beneficial in positive,
negative, and cognitive symptoms in chronically stable schizophrenic
patients.

To enhance the NMDA neurotransmission, another approach is via
attenuating glycine's reuptake, which can increase the availability of
synaptic glycine. Sarcosine (N-methylglycine) is an endogenous
GlyT1 inhibitor. Adding-on sarcosine in chronically ill and stable
schizophrenic patients receiving risperidone or typical antipsychotics
showed that sarcosine was much more beneficial than placebo in
improving positive, negative, cognitive and general psychiatric
symptoms, and it was well tolerated without significant side-effect
(Tsai et al., 2004a). Furthermore, in addition to add-on therapy,
sarcosine monotherapy was also found to be beneficial for acutely ill
patients (Lane et al., 2008), and the treatment effect was dose-
dependent with 2 g better than 1 g per day.

Of note, sarcosine has revealed significantly greater benefits than
D-serine and placebo in improving negative symptoms, general
psychopathology, cognitive deficits and quality of life as adjuvant
therapy with risperidone, not only for chronically-ill stable (Lane
et al., 2010), but also for acutely exacerbated schizophrenic patients
(Lane et al., 2005). It implies that transporter inhibitor might exert
greater effects than agonists themselves in enhancing neurotrans-
mission. One possibility is that the anatomical distribution of GlyT1 is
more relevant than the NMDA receptor per se to the neocortical
circuitries involved in schizophrenia.

F. Hoffmann-La Roche Ltd. is developing a compound which is a
candidate of GlyT1 inhibitor, RG1678. Phase III studies have been
launched recently for two different indications: negative symptoms
and sub-optimally controlled patients. However, in the phase II study,
the signal to noise ratio is not robust with weeks 2, 4, 6b0.1 and week
8b0.05, and the effect size is b0.4. The CGI-I of 30 mg group has a
psychopathology.

s
Subject
no.

Positive
symptoms

Negative
symptoms

Cognitive
symptoms

Depressive
symptoms

Total
psychopathology

19 − + + + +
TYP 12 + + − − NA

14 + + + + +
157 NA − − NA NA
46 − + − − NA
32 + + + − +
29 + + + − NA
20 − − − − −
39 + + + + +

done) 65 + + + + NA
51 + + + + +

38 + + + NA +
20 − − − − −
20 − − NA NA −
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p valueN0.05. The best change of function is from 10 mg group which
also has a p valueN0.05. One potential pitfall is that RG1678 is a
noncompetitive antagonist with only 10 and 30 mg as effective and
60 mg as not. It would be difficult to titrate the dose to be close to 50%
target occupancy in individual patients as Roche suggests.

With the rationale of maintaining a tonic stimulation of NMDA
synapse, most trials are daily dosing. Differently, a study (Goff et al.,
2008) tried once-weekly dosingwith D-cycloserine for 8 weeks. A single
dose of D-cycloserine also facilitated memory consolidation tested after
7 days on a thematic recall test. The finding should be considered
preliminary and await confirmation. Taken together, further confirma-
tion and parallel comparison are required to determine effective dosing
ranges and to compare the effectiveness of the full agonist of theNMDA-
D-serine/glycine sitewith theGlyT1 inhibitor andother options likeDAO
inhibitor for treating schizophrenia.

Adverse effects of the NMDA-enhancing agents have not been
reported more than those of placebo, except for GI upset and nausea
in some glycine trials (Goff et al., 1995; Heresco-Levy et al., 2005; Lane
et al., 2005, 2006, 2010). Moreover, NMDA-enhancing agents were
found to significantly improve extrapyramidal symptoms on both the
Simpson–Angus Scale and Abnormal Involuntary Movement Scale
measurements. Heresco-Levy et al. (2005) found that co-administra-
tion of D-serine can reduce the dosage of antipsychotics required to
reach the same level of symptom reduction in schizophrenia while
minimizing adverse effects. Seemingly, NMDA-enhancing agents have
showed a good safety profile in either add-on treatment or
monotherapy and efficacy when adding to antipsychotics. Neverthe-
less, long-term studies are needed to thoroughly evaluate the safety of
the NMDA-enhancing agents.

8. Perspective

While the results of the trials with NMDA-enhancing agents are
encouraging, enhancement of glutamatergic neurotransmission via
pathways other than NMDA receptors for the treatment of schizophre-
nia is drawing more attentions. Here we discuss two examples which
suggest the potential therapeutic effects from non-NMDA targets.

8.1. AMPA receptor and ampakines

Rapid excitatory synaptic transmission which releases glutamate
and aspartate in the CNS acts primarily through two subtypes of
ionotropic receptors: AMPA and NMDA receptors (Newpher and
Ehlers, 2008). Thus, another way to enhance glutamatergic neuro-
transmission is via activating the AMPA receptors, which are
responsible for the fast excitatory postsynaptic potentials (EPSPs)
and play a role in learning and memory (Perez-Otano and Ehlers,
2004). AMPA activation can release the depolarization blockade of the
NMDA receptor. Recently, investigations have shown interests in the
therapeutic potential of ampakines, that allosterically produces
positive modulation of AMPA receptors by increasing the amplitude
and duration of glutamate-stimulated EPSPs (Goff et al., 2001).
Ampakines enhance synaptic plasticity, and preclinical and prelimi-
nary clinical data suggest that they can improve cognition (Lynch,
2006; O'Neill and Dix, 2007; Swanson, 2009). There has been several
ampakines under investigation, including CX546, CX516, CX717,
LY415395 and C614. Nevertheless, the results of the clinical studies
for these molecules are unsatisfactory, and some of the results remain
undisclosed (Swanson, 2009). It remains unclear whether the limited
activation by ampakines can generate enough activation of NMDA
receptor required for the treatment of schizophrenia.

In addition to ampakines, noncompetitive inhibitors of AMPA
receptors, such as talampanel and perampanel, also have been tested
for their efficacy. These agents can potentially reduce over-excitation
and slow neurodegeneration, and be as effective as adjunct therapy for
refractory partial complex seizures (Howes and Bell, 2007). Talampanel
has been found to have encouraging survival results when added to
standard radiation and temozolomide in newly diagnosed glioblastoma
(Grossman et al., 2009), and preliminary clinical trials have been
planned to determine the efficacy of talampanel in subjects with
amyotrophic lateral sclerosis (Pascuzzi et al., 2010). Another noncom-
petitive inhibitor of the AMPA receptor, perampanel, was also found to
alleviate diabetic and postherpetic neuropathic pain (Swanson, 2009);
however, it failed to show efficacy as an adjunctive therapy for
Parkinson's disease (Eggert et al., 2010). Overall, the rationale of this
treatment is protection of neurotoxicity from overactivation of non-
NMDA receptor. This approach may well miss the target if the core
pathology of schizophrenia is hypoNMDA function.

8.2. Metabotropic glutamate receptor (mGluR) treatment

Based on the seemingly paradoxical theory of decreased NMDAR
function, yet increased glutamatergic neurotransmission, is the
research involving another group of glutamate receptors, mGluR.
Research has involved finding agonists, positive allosteric modulators
of mGluR5, mGluR2, andmGluR3, in order to increase activity at these
receptors (Gray and Roth, 2007). This is because animal studies, and
preliminary human studies have shown that activating these re-
ceptors has shown promise towards alleviating symptoms of
schizophrenia (Moghaddam and Adams, 1998). For example, activat-
ing mGluR2 blocks effects of psychotomimetic agents (Krystal et al.,
2005). Modulating the allosteric site has advantages — however, the
orthosteric sites are conserved across all the differently mGluRs,
making it difficult to develop an agent specific to a receptor subtype
(Conn and Jones, 2009). The relevant mGluRs targets are:

1) mGluR5. This group of agents is in preclinical phase of develop-
ment. Liu et al. (2008) have studied ADX47273, a positive allosteric
modulator of mGluR5 in animals and in vitro. ADX47273 was
noted to increase response to threshold concentration of gluta-
mate by nine times. There was also an increase in cAMP-
responsive elementbinding protein phosphorylation in the hippo-
campus and prefrontal cortex, which is important in glutamate-
mediated signal transmission. By increasing mGluR5 activity,
ADX47273 also blocked PCP or amphetamine induced hyperloco-
motion in animals and decreased extracellular levels of dopamine
in nucleus accumbens.

2) mGluR2 and mGluR3. In 2007, Patil et al. (2007) reported a Phase II
clinical trial of LY2140023, which is the oral form of a selective
agonist for mGluR2/3, shown to have antipsychotic effects in
animal studies. It counteracted effects of PCP in rats, as knockout
animals of this receptor were unaffected by this agonist. The study
involved 196 patients diagnosed with schizophrenia who were
randomized to placebo, olanzapine (positive control), and
LY2140023. Baseline PANSS scores were in the 80's, and patients
were recruited from ten different sites in Russia. They were
tapered off their previous medication regimen and then treated
with LY2140023 40 mg BID, olanzapine 15 mg daily, or placebo for
one month. LY2140023 was safe and well-tolerated. Patients
treated with LY2140023 and olanzapine showed significant
improvements in both positive and negative symptoms when
compared to placebo. LY2140023 did not differ from placebo with
respect to elevated prolactin, EPS, or weight gain. There weremore
subjects in LY2140023 which did make it easier to detect
significance, but is helpful in this case to find smaller effects. The
study was notable for an absence of placebo effect. Significant
adverse events were as follows: LY2140023 associated with affect
lability, placebo with agitation, and olanzapine, increased tri-
glycerides, weight gain, and periodontitis. There were no signif-
icant differences in efficacy between LY2140023 and olanzapine.
There was a reduction in PANSS total, positive, negative, and CGI
for both olanzapine and LY2140023 compared to placebo.
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However, at the end of March 2009, Eli Lilly reported that
LY2140023 was inconclusive in the second Phase II clinical trial
involving 393 subjects for 4 weeks. LY2140023 “did not outperform”

olanzapine or placebo (Russel, 2009). In contrast to the first trial, the
second trial has significant placebo effect and olanzapine did not show
superior efficacy as compared to placebo.

8.3. NMDA enhancement by inhibition of D-amino acid oxidase

Since DAO is responsible for degrading D-serine, D-alanine, and
other D-amino acids (Fukui and Miyake, 1992; Vanoni et al., 1997),
another alternative to enhance NMDA function is to inhibit DAO
activity (Fig. 1). The inhibition of DAO by benzoate raises synaptic
concentrations of D-serine and other D-amino acids (Bartlett, 1948;
Van den Berghe-Snorek and Stankovich, 1985). Benzoic acid exists
naturally in miscellaneous kinds of plants and animals, and therefore
is a natural constituent of many kinds of food, including milk products
(IPCS, 1993). Benzoates are also legal food additives widely used in
manufacturing fruit jelly, butter, soy-bean sauce, processed meat etc.
in US and many other countries and are well recognized by theWorld
Health Organization (IPCS, 1993). Sodium benzoate has been used in
the treatment of patients with urea cycle disorders (Enns et al., 2007)
(i.e., hyperammonaemia due to inborn errors of urea synthesis) to
facilitate nitrogen excretion by diverting nitrogen from urea synthesis
to an alternative pathway (Scaglia et al., 2004). The therapeutic dose
for urea cycle disorders is in the range of 250–500 mg/kg body weight
per day (Batshaw and Brusilow, 1981; Batshaw and Monahan, 1987;
Feillet and Leonard, 1998; Green et al., 1983; Kubota and Ishizaki,
1991; O'Connor et al., 1987; Tremblay and Qureshi, 1993) without
obvious side effects, except anorexia and vomiting even when given
via intravenous bolus infusions.

Three lines of evidence have provided support for the potential of
the DAO inhibitor to enhance NMDA function and bring therapeutic
benefits in schizophrenia: 1) DAO and DAOA show genetic associa-
tions with schizophrenia in several studies; 2) the expression and
activity of DAO are found to increase in patients with schizophrenia
(Madeira et al., 2008); and 3) inactivation of DAO produces behavioral
and biochemical effects in rodents (Verrall et al., 2010). A randomized
double-blind clinical trial (Lane HY, personal communication)
showed that adding-on benzoate was significantly better than
placebo in reducing scores of Clinical Global Impression and Positive
and Negative Syndrome Scale in patients treated with antipsychotics.
Treatment-emergent side effects which were mild, short-lived, and
not warranting medical treatment were similar between sodium
benzoate and placebo groups implying that benzoate yields good
safety and tolerability.

9. Summary

This review has discussed the role of glutamatergic signaling,
particularly the molecules of the NMDA synapse, and plays in the
pathophysiology of schizophrenia from views of neurodevelopment,
pathological finding, genetic vulnerability, animal models, pharma-
cology and clinical trials. Quite a few candidate genes have been
identified to be involved in the neurodevelopment and glutamate-
associated signaling relevant to schizophrenia; of them, DAO and G72
(DAOA) are directly involved in NMDA neurotransmission and the
rest are indirectly related to the NMDA synapse. Likely, either
individual subject has different NMDA pathology or the accumulation
of multiple variations of these candidate genes, rather than any single
gene, may serve as a general model for the pathogenesis of
schizophrenia. Nevertheless, enhancing NMDA function can correct/
rescue the hypoNMDA function from a variety of vulnerabilities in
NMDA synapse regardless of its origin.

Accumulating evidence regarding the involvement of glutamater-
gic system in schizophrenia focuses on the ionotropic receptors which
are subdivided to 3 subtypes; among which NMDA has the strongest
association with schizophrenia and serves as the only therapeutic
target that proves to have clinical efficacy thus far. The theory of
NMDA hypofunction is supported by evidence that the NMDA-
receptor antagonists, PCP and ketamine, induce psychiatric and
behavioral changes which resemble schizophrenia. Findings from
animal genetic models, which show that NMDA receptor hypofunc-
tion results in abnormalities of motor and social behaviors, learning,
cognition and response to psychotropics, are compatible with that
from clinical studies. The evidence together has demonstrated that
NMDA hypofunction is a critical deficit in schizophrenia, providing
support for the potential of developing agents which can enhance
NMDA function for the treatment of schizophrenia.

Clinically, the addition of NMDA-enhancing agents to atypical
antipsychotics resulted in significant improvements in total psycho-
pathology, negative symptoms, cognitive symptoms, and depressive
symptoms. These findings further underscore the significance of
NMDA enhancement as a new therapeutic approach in an era inwhich
atypical antipsychotics are becoming the primary drugs for most
patients who have schizophrenia. There is a good possibility that this
may involve a synergistic therapeutic effect of the atypical antipsy-
chotics and NMDA-enhancing agents, providing an intriguing strategy
for a large portion of patients with schizophrenia whose disorder is
resistant or only partially responsive to atypical antipsychotics. In
fact, the NMDA agents tested so far are a new category of safe
antipsychotic agents devoid of the adverse effects of extrapyramidal
symptoms, tardive dyskinesia, and metabolic syndrome. These
advantageswill help a substantial portion of patientswho experience
serious adverse effects while taking the existing antipsychotic
agents. Taken together, NMDA-enhancing agents offer a completely
novel therapeutic approach which holds promise as the next
generation antipsychotics.
Acknowledgments

The authors extend their sincere thanks to National Science
Council, Taiwan (NSC-97-2314-B-039-006-MY3, NSC-98-2627-B-
039-001, and NSC 99-3114-B-182A-003), National Health Research
Institutes, Taiwan (NHRI-EX-100-9904NI), Department of Health,
Taiwan (DOH99-TD-I-111-TM001), Taiwan Department of Health
Clinical Trial and Research Center of Excellence (DOH100-TD-B-111-
004), and China Medical University Hospital, Taiwan (DMR-98-093
and DMR-98-095) for funding this research.
References

Adler CM, Malhotra AK, Elman I, Goldberg T, Egan M, Pickar D, et al. Comparison of
ketamine-induced thought disorder in healthy volunteers and thought disorder in
schizophrenia. Am J Psychiatry 1999;156:1646–9.

Alagarsamy S, MarinoMJ, Rouse ST, Gereau IV RW, Heinemann SF, Conn PJ. Activation of
NMDA receptors reverses desensitization of mGluR5 in native and recombinant
systems. Nat Neurosci 1999;2(3):234–40.

Alptekin K, Akvardar Y, Kivircik Akdede BB, Dumlu K, Isik D, Pirincci F, et al. Is quality of
life associated with cognitive impairment in schizophrenia? Prog Neuropsycho-
pharmacol Biol Psychiatry 2005;29:239–44.

Altamura AC, Bobo WV, Meltzer HY. Factors affecting outcome in schizophrenia and
their relevance for psychopharmacological treatment. Int Clin Psychopharmacol
2007;22:249–67.

Bachus SE, Kleinman JE. The neuropathology of schizophrenia. J Clin Psychiatry 1996;57
(Suppl 11):72–83.

Ballard TM, Pauly-Evers M, Higgins GA, Ouagazzal AM, Mutel V, Borroni E, et al. Severe
impairment of NMDA receptor function in mice carrying targeted point mutations
in the glycine binding site results in drug-resistant nonhabituating hyperactivity.
J Neurosci 2002;22:6713–23.

Bartlett GR. The inhibition of D-amino acid oxidase by benzoic acid and various
monosubstituted benzoic acid derivatives. J Am Chem Soc 1948;70:1010.

Bassett AS, Chow EW. 22q11 deletion syndrome: a genetic subtype of schizophrenia.
Biol Psychiatry 1999;46:882–91.

Basu AC, Tsai GE, Ma CL, Ehmsen JT, Mustafa AK, Han L, et al. Targeted disruption of
serine racemase affects glutamatergic neurotransmission and behavior. Mol
Psychiatry 2009;14:719–27.



674 C.-H. Lin et al. / Pharmacology, Biochemistry and Behavior 100 (2012) 665–677
Batshaw ML, Brusilow SW. Evidence of lack of toxicity of sodium phenylacetate and
sodium benzoate in treating urea cycle enzymopathies. J Inherit Metab Dis 1981;4:
231.

BatshawML, Monahan PS. Treatment of urea cycle disorders. Enzyme 1987;38:242–50.
Bendikov I, Nadri C, Amar S, Panizzutti R, De Miranda J, Wolosker H, et al. A CSF and

postmortem brain study of D-serine metabolic parameters in schizophrenia.
Schizophr Res 2007;90:41–51.

Benes FM, Berretta S. GABAergic interneurons: implications for understanding
schizophrenia and bipolar disorder. Neuropsychopharmacology 2001;25:1-27.

Beneyto M, Meador-Woodruff JH. Lamina-specific abnormalities of AMPA receptor
trafficking and signaling molecule transcripts in the prefrontal cortex in
schizophrenia. Synapse 2006;60:585–98.

Bliss TV, Collingridge GL. A synaptic model of memory: long-term potentiation in the
hippocampus. Nature 1993;361:31–9.

Boehning D, Snyder SH. Novel neural modulators. Annu Rev Neurosci 2003;26:105–31.
Boks MP, Rietkerk T, van de Beek MH, Sommer IE, de Koning TJ, Kahn RS. Reviewing the

role of the genes G72 and DAAO in glutamate neurotransmission in schizophrenia.
Eur Neuropsychopharmacol 2007;17:567–72.

Bourgeois JP, Rakic P. Changes of synaptic density in the primary visual cortex of the
macaque monkey from fetal to adult stage. J Neurosci 1993;13:2801–20.

Breier A. Cognitive deficit in schizophrenia and its neurochemical basis. Br J Psychiatry
1999;37:16–8.

Brzustowicz LM, Simone J, Mohseni P, Hayter JE, Hodgkinson KA, Chow EW, et al.
Linkage disequilibrium mapping of schizophrenia susceptibility to the CAPON
region of chromosome 1q22. Am J Hum Genet 2004;74:1057–63.

Buchanan RW, Javitt DC, Marder SR, Schooler NR, Gold JM, McMahon RP, et al. The
Cognitive and Negative Symptoms in Schizophrenia Trial (CONSIST): the efficacy of
glutamatergic agents for negative symptoms and cognitive impairments. Am J
Psychiatry 2007;164:1593–602.

Burnet PW, Hutchinson L, von Hesling M, Gilbert EJ, Brandon NJ, Rutter AR, et al.
Expression of D-serine and glycine transporters in the prefrontal cortex and
cerebellum in schizophrenia. Schizophr Res 2008;102:283–94.

Cannon M, Jones PB, Murray RM. Obstetric complications and schizophrenia: historical
and meta-analytic review. Am J Psychiatry 2002;159:1080–92.

Cardno AG, Marshall EJ, Coid B, Macdonald AM, Ribchester TR, Davies NJ, et al.
Heritability estimates for psychotic disorders: the Maudsley twin psychosis series.
Arch Gen Psychiatry 1999;56:162–8.

Carlsson A, Waters N, Holm-Waters S, Tedroff J, Nilsson M, Carlsson ML. Interactions
betweenmonoamines, glutamate, and GABA in schizophrenia: new evidence. Annu
Rev Pharmacol Toxicol 2001;41:237–60.

Chapman DE, Keefe KA, Wilcox KS. Evidence for functionally distinct synaptic NMDA
receptors in ventromedial versus dorsolateral striatum. J Neurophysiol 2003;89:
69–80.

Cheah JH, Kim SF, Hester LD, Clancy KW, Patterson III SE, Papadopoulos V, et al. NMDA
receptor-nitric oxide transmission mediates neuronal iron homeostasis via the
GTPase Dexras1. Neuron 2006;51:431–40.

ChenWJ, Faraone SV. Sustained attention deficits as markers of genetic susceptibility to
schizophrenia. Am J Med Genet A 2000;97:52–7.

Chen WJ, Liu SK, Chang CJ, Lien YJ, Chang YH, Hwu HG. Sustained attention deficit and
schizotypal personality features in nonpsychotic relatives of schizophrenic
patients. Am J Psychiatry 1998;155:1214–20.

Chen L, Muhlhauser M, Yang CR. Glycine transporter-1 blockade potentiates NMDA-
mediated responses in rat prefrontal cortical neurons in vitro and in vivo. J
Neurophysiol 2003;89:691–703.

Chen WJ, Chang CH, Liu SK, Hwang TJ, Hwu HG. Sustained attention deficits in
nonpsychotic relatives of schizophrenic patients: a recurrence risk ratio analysis.
Biol Psychiatry 2004;55:995-1000.

Cherlyn SY, Woon PS, Liu JJ, Ong WY, Tsai GC, Sim K. Genetic association studies of
glutamate, GABA and related genes in schizophrenia and bipolar disorder: a decade
of advance. Neurosci Biobehav Rev 2010;34:958–77.

Chessell IP, Procter AW, Francis PT, Bowen DM. D-Cycloserine, a putative cognitive
enhancer, facilitates activation of the N-methyl-D-aspartate receptor-ionophore
complex in Alzheimer brain. Brain Res 1991;565:345–8.

Chowdari KV, Mirnics K, Semwal P, Wood J, Lawrence E, Bhatia T, Deshpande SNBKT,
et al. Association and linkage analyses of RGS4 polymorphisms in schizophrenia.
Hum Mol Genet 2002;11:1373–80.

Chumakov I, BlumenfeldM, Guerassimenko O, Cavarec L, Palicio M, Abderrahim H, et al.
Genetic and physiological data implicating the new human gene G72 and the gene
for D-amino acid oxidase in schizophrenia. Proc Natl Acad Sci USA 2002;99:
13675–80.

Conn PJ, Jones CK. Promise of mGluR2/3 activators in psychiatry. Neuropsychophar-
macology Rev 2009;34(1):248–9.

Conn PJ, Lindsley CW, Jones CK. Activation of metabotropic glutamate receptors as a
novel approach for the treatment of schizophrenia. Trends Pharmacol Sci 2008;30
(1):25–31.

Corvin A, Donohoe G, McGhee K, Murphy K, Kenny N, Schwaiger S, et al. D-Amino acid
oxidase (DAO) genotype and mood symptomatology in schizophrenia. Neurosci
Lett 2007;426:97-100.

Coyle JT. The glutamatergic dysfunction hypothesis for schizophrenia. Harv Rev
Psychiatry 1996;3:241–53.

Coyle JT, Puttfarcken P. Oxidative stress, glutamate, and neurodegenerative disorders.
Science 1993;262:689–95.

Coyle JT, Tsai G, Goff DC. Ionotropic glutamate receptors as therapeutic targets in
schizophrenia. Curr Drug Targets CNS Neurol Disord 2002;1:183–9.

Davis KL, Kahn RS, Ko G, Davidson M. Dopamine in schizophrenia: a review and
reconceptualization. Am J Psychiatry 1991;148:1474–86.
Detera-Wadleigh SD, McMahon FJ. G72/G30 in schizophrenia and bipolar disorder:
review and meta-analysis. Biol Psychiatry 2006;60:106–14.

Deutsch SI, Mastropaolo J, Schwartz BL, Rosse RB, Morihisa JM. A “glutamatergic
hypothesis” of schizophrenia. Rationale for pharmacotherapy with glycine. Clin
Neuropharmacol 1989;12:1-13.

Duncan GE, Moy SS, Perez A, Eddy DM, Zinzow WM, Lieberman JA, et al. Deficits in
sensorimotor gating and tests of social behavior in a genetic model of reduced
NMDA receptor function. Behav Brain Res 2004;153:507–19.

Eggert K, Squillacote D, Barone P, Dodel R, Katzenschlager R, Emre M, et al. Safety and
efficacy of perampanel in advanced Parkinson's disease: a randomized, placebo-
controlled study. Mov Disord 2010;25:896–905.

Enns GM, Berry SA, Berry GT, Rhead WJ, Brusilow SW, Hamosh A. Survival after
treatment with phenylacetate and benzoate for urea-cycle disorders. N Engl J Med
2007;356:2282–92.

Fadda E, Danysz W,Wroblewski JT, Costa E. Glycine and D-serine increase the affinity of
N-methyl-D-aspartate sensitive glutamate binding sites in rat brain synaptic
membranes. Neuropharmacology 1988;27:1183–5.

Farde L, Hall H, Ehrin E, Sedvall G. Quantitative analysis of D2 dopamine receptor
binding in the living human brain by PET. Science 1986;231:258–61.

Feillet F, Leonard JV. Alternative pathway therapy for urea cycle disorders. J Inherit
Metab Dis 1998;21(Suppl 1):101–11.

Fukui K, Miyake Y. Molecular cloning and chromosomal localization of a human gene
encoding D-amino-acid oxidase. J Biol Chem 1992;267:18631–8.

Furukawa H, Gouaux E. Mechanisms of activation, inhibition and specificity: crystal
structures of the NMDA receptor NR1 ligand-binding core. EMBO J 2003;22:
2873–85.

Gao XM, Sakai K, Roberts RC, Conley RR, Dean B, Tamminga CA. Ionotropic glutamate
receptors and expression of N-methyl-D-aspartate receptor subunits in subregions
of human hippocampus: effects of schizophrenia. Am J Psychiatry 2000;157:
1141–9.

Girirajan S, Eichler EE. Phenotypic variability and genetic susceptibility to genomic
disorders. Hum Mol Genet 2010;19:R176–87.

Goff DC, Coyle JT. The emerging role of glutamate in the pathophysiology and treatment
of schizophrenia. Am J Psychiatry 2001;158:1367–77.

Goff DC, Tsai G, Manoach DS, Coyle JT. Dose-finding trial of D-cycloserine added to
neuroleptics for negative symptoms in schizophrenia. Am J Psychiatry 1995;152:
1213–5.

Goff DC, Tsai G, Manoach DS, Flood J, Darby DG, Coyle JT. D-Cycloserine added to
clozapine for patients with schizophrenia. Am J Psychiatry 1996;153:1628–30.

Goff DC, Tsai G, Levitt J, Amico E, Manoach D, Schoenfeld DA, et al. A placebo-controlled
trial of D-cycloserine added to conventional neuroleptics in patients with
schizophrenia. Arch Gen Psychiatry 1999;56:21–7.

Goff DC, Leahy L, Berman I, Posever T, Herz L, Leon AC, et al. A placebo-controlled pilot
study of the ampakine CX516 added to clozapine in schizophrenia. J Clin
Psychopharmacol 2001;21:484–7.

Goff DC, Cather C, Gottlieb JD, Evins AE, Walsh J, Raeke L, et al. Once-weekly D-cycloserine
effects on negative symptoms and cognition in schizophrenia: an exploratory study.
Schizophr Res 2008;106(2–3):320–7.

Goldberg TE, Goldman RS, Burdick KE, Malhotra AK, Lencz T, Patel RC, et al. Cognitive
improvement after treatment with second-generation antipsychotic medications
in first-episode schizophrenia: is it a practice effect? Arch Gen Psychiatry 2007;64:
1115–22.

Gray JA, Roth BL. The pipeline and future of drug development in schizophrenia. Mol
Psychiatry 2007;12(10):904–22.

Green MF. What are the functional consequences of neurocognitive deficits in
schizophrenia? Am J Psychiatry 1996;153:321–30.

Green TP, Marchessault RP, Freese DK. Disposition of sodium benzoate in newborn
infants with hyperammonemia. J Pediatr 1983;102:785–90.

Green MF, Marshall Jr BD, Wirshing WC, Ames D, Marder SR, McGurk S, et al. Does
risperidone improve verbal working memory in treatment-resistant schizophre-
nia? Am J Psychiatry 1997;154:799–804.

Grossman SA, Ye X, Chamberlain M, Mikkelsen T, Batchelor T, Desideri S, et al.
Talampanel with standard radiation and temozolomide in patients with newly
diagnosed glioblastoma: a multicenter phase II trial. J Clin Oncol 2009;27:4155–61.

Gustafson EC, Stevens ER, Wolosker H, Miller RF. Endogenous D-serine contributes to
NMDA-receptor-mediated light-evoked responses in the vertebrate retina. J Neuro-
physiol 2007;98:122–30.

Halene TB, Ehrlichman RS, Liang Y, Christian EP, Jonak GJ, Gur TL, et al. Assessment of
NMDA receptor NR1 subunit hypofunction in mice as a model for schizophrenia.
Genes Brain Behav 2009;8:661–75.

Harrison PJ, Weinberger DR. Schizophrenia genes, gene expression, and neuropathol-
ogy: on the matter of their convergence. Mol Psychiatry 2005;10:40–6.

Hashimoto K, Fukushima T, Shimizu E, Komatsu N, Watanabe H, Shinoda N, et al.
Decreased serum levels of D-serine in patients with schizophrenia: evidence in
support of the N-methyl-D-aspartate receptor hypofunction hypothesis of
schizophrenia. Arch Gen Psychiatry 2003;60:572–6.

Hashimoto K, Engberg G, Shimizu E, Nordin C, Lindstrom LH, Iyo M. Reduced D-serine to
total serine ratio in the cerebrospinal fluid of drug naive schizophrenic patients.
Prog Neuropsychopharmacol Biol Psychiatry 2005;29:767–9.

Hashimoto R, Tankou S, Takeda M, Sawa A. Postsynaptic density: a key convergent site
for schizophrenia susceptibility factors and possible target for drug development.
Drugs Today (Barc) 2007;43:645–54.

Hashimoto K, Fujita Y, Horio M, Kunitachi S, IyoM, Ferraris D, et al. Co-administration of
a D-amino acid oxidase inhibitor potentiates the efficacy of D-serine in attenuating
prepulse inhibition deficits after administration of dizocilpine. Biol Psychiatry
2009;65:1103–6.



675C.-H. Lin et al. / Pharmacology, Biochemistry and Behavior 100 (2012) 665–677
Hayashi-Takagi A, Sawa A. Disturbed synaptic connectivity in schizophrenia:
convergence of genetic risk factors during neurodevelopment. Brain Res Bull
2010;83:140–6.

Hayashi-Takagi A, Takaki M, Graziane N, Seshadri S, Murdoch H, Dunlop AJ, et al.
Disrupted-in-Schizophrenia 1 (DISC1) regulates spines of the glutamate synapse
via Rac1. Nat Neurosci 2010;13:327–32.

Heresco-Levy U, Javitt DC, Ermilov M, Mordel C, Silipo G, Lichtenstein M. Efficacy of
high-dose glycine in the treatment of enduring negative symptoms of schizophre-
nia. Arch Gen Psychiatry 1999;56:29–36.

Heresco-Levy U, Ermilov M, Lichtenberg P, Bar G, Javitt DC. High-dose glycine added to
olanzapine and risperidone for the treatment of schizophrenia. Biol Psychiatry
2004;55:165–71.

Heresco-Levy U, Javitt DC, Ebstein R, Vass A, Lichtenberg P, Bar G, et al. D-Serine efficacy
as add-on pharmacotherapy to risperidone and olanzapine for treatment-
refractory schizophrenia. Biol Psychiatry 2005;57:577–85.

Herron CE, Lester RA, Coan EJ, Collingridge GL. Frequency dependent involvement of
NMDA receptors in the hippocampus: a novel synaptic mechanism. Nature
1986;322(6076):265–8.

Hill JJ, Hashimoto T, Lewis DA. Molecular mechanisms contributing to dendritic spine
alterations in the prefrontal cortex of subjects with schizophrenia. Mol Psychiatry
2006;11:557–66.

Howes JF, Bell C. Talampanel. Neurotherapeutics 2007;4:126–9.
Hui C, Wardwell B, Tsai GE. Novel therapies for schizophrenia: understanding the

glutamatergic synapse and potential targets for altering N-methyl-D-aspartate
neurotransmission. Recent Pat CNS Drug Discov 2009;4:220–38.

Hwu HG, Chen CH, Hwang TJ, Liu CM, Cheng JJ, Lin SK, et al. Symptom patterns and
subgrouping of schizophrenic patients: significance of negative symptoms assessed
on admission. Schizophr Res 2002;56:105–19.

Insel TR. Rethinking schizophrenia. Nature 2010;468:187–93.
IPCS. International Chemical Safety Card — benzoic acid and sodium benzoate. Geneva:

World Health Organization; 1993. International Programme on Chemical Safety
(ICSC 0103).

Jaaro-Peled H, Hayashi-Takagi A, Seshadri S, Kamiya A, Brandon NJ, Sawa A. Neurodevelop-
mental mechanisms of schizophrenia: understanding disturbed postnatal brain
maturation through neuregulin-1-ErbB4 and DISC1. Trends Neurosci 2009;32:485–95.

Javitt DC. Glutamate as a therapeutic target in psychiatric disorders. Mol Psychiatry
2004;9:984–97.

Javitt DC. Glycine transport inhibitors and the treatment of schizophrenia. Biol
Psychiatry 2008;63:6–8.

Javitt DC, Zukin SR. Recent advances in the phencyclidine model of schizophrenia. Am J
Psychiatry 1991;148:1301–8.

Javitt DC, Balla A, Sershen H, Lajtha AAE. Bennett Research Award. Reversal of
phencyclidine-induced effects by glycine and glycine transport inhibitors. Biol
Psychiatry 1999;45:668–79.

Javitt DC, Silipo G, Cienfuegos A, Shelley AM, Bark N, Park M, et al. Adjunctive high-dose
glycine in the treatment of schizophrenia. Int J Neuropsychopharmacol official
scientific journal Collegium Internationale Neuropsychopharmacologicum CINP
2001;4:385–91.

Javitt DC, Balla A, Burch S, Suckow R, Xie S, Sershen H. Reversal of phencyclidine-
induced dopaminergic dysregulation by N-methyl-D-aspartate receptor/glycine-
site agonists. Neuropsychopharmacology 2004;29:300–7.

Johnson JW, Ascher P. Glycine potentiates the NMDA response in cultured mouse brain
neurons. Nature 1987;325:529–31.

Kadota T, Horinouchi T, Kuroda C. Development and aging of the cerebrum: assessment
with proton MR spectroscopy. Am J Neuroradiol 2001;22:128–35.

Kalia LV, Kalia SK, Salter MW. NMDA receptors in clinical neurology: excitatory times
ahead. Lancet Neurol 2008;7(8):742–55.

Kamiya A, Kubo K, Tomoda T, Takaki M, Youn R, Ozeki Y, et al. A schizophrenia-
associated mutation of DISC1 perturbs cerebral cortex development. Nat Cell Biol
2005;7:1167–78.

Kantrowitz JT,MalhotraAK, Cornblatt B, SilipoG, BallaA, SuckowRF, et al.Highdose D-serine
in the treatment of schizophrenia. Schizophr Res 2010;121(1–3):125–30.

Kapur S, Zipursky RB, Remington G. Clinical and theoretical implications of 5-HT2 and
D2 receptor occupancy of clozapine, risperidone, and olanzapine in schizophrenia.
Am J Psychiatry 1999;156:286–93.

Karasawa J, Hashimoto K, Chaki S. D-Serine and a glycine transporter inhibitor improve
MK-801-induced cognitive deficits in a novel object recognition test in rats. Behav
Brain Res 2008;186:78–83.

Karlsson RM, Tanaka K, Heilig M, Holme A. Loss of glial glutamate and aspartate
transporter (excitatory amino acid transporter 1) causes locomotor hyperactivity
and exaggerated responses to psychotomimetics: rescue by haloperidol and
metabotropic glutamate 2/3 agonist. Biol Psychiatry 2008;64:810–4.

Karlsson RM, Tanaka K, Saksida LM, Bussey TJ, Heilig M, Holmes A. Assessment of
glutamate transporter GLAST (EAAT1)-deficient mice for phenotypes relevant to
the negative and executive/cognitive symptoms of schizophrenia. Neuropsycho-
pharmacology 2009;34:1578–89.

Kew JN, Koester A, Moreau JL, Jenck F, Ouagazzal AM, Mutel V, et al. Functional
consequences of reduction in NMDA receptor glycine affinity in mice carrying
targeted point mutations in the glycine binding site. J Neurosci 2000;20:4037–49.

Kinney GG, Sur C, Burno M, Mallorga PJ, Williams JB, Figueroa DJ, et al. The glycine
transporter type 1 inhibitor N-[3-(40-Fluorophenyl)-3-(40-Phenylphenoxy)Pro-
pyl]Sarcosine potentiates NMDA receptor-mediated responses in vivo and pro-
duces an antipsychotic profile in rodent behavior. J Neurosci 2003;23:7586–91.

Kretschmer B, Kratzer U, Breithecker K, Koch M. ACEA 1021, a glycine site antagonist
with minor psychotomimetic and amnestic effects in rats. Eur J Pharmacol
1997;331:109–16.
Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner JD, et al. Subanesthetic
effects of the noncompetitive NMDA antagonist, ketamine, in humans. Psychoto-
mimetic, perceptual, cognitive, and neuroendocrine responses. Arch Gen Psychi-
atry 1994;51:199–214.

Krystal JH, Abi-Saab W, Perry E, D'Souza DC, Liu N, Gueorguieva R, et al. Preliminary
evidence of attenuation of the disruptive effects of the NMDA glutamate receptor
antagonist, ketamine, on working memory by pretreatment with the group II
metabotropic glutamate receptor agonist, LY354740, in healthy human subjects.
Psychopharmacology (Berl) 2005;179(1):303–9.

Kubota K, Ishizaki T. Dose-dependent pharmacokinetics of benzoic acid following oral
administration of sodium benzoate to humans. Eur J Clin Pharmacol 1991;41:
363–8.

Kudoh A, Ishihara H, Matsuki A. Current perception thresholds and postoperative pain
in schizophrenic patients. Reg Anesth Pain Med 2000;25:475–9.

Labrie V, Roder JC. The involvement of the NMDA receptor D-serine/glycine site in the
pathophysiology and treatment of schizophrenia. Neurosci Biobehav Rev 2010;34:
351–72.

Lahti AC, Weiler MA, Tamara Michaelidis BA, Parwani A, Tamminga CA. Effects of
ketamine in normal and schizophrenic volunteers. Neuropsychopharmacology
2001;25:455–67.

Lane HY, Chang WH. Clozapine versus risperidone in treatment-refractory schizophre-
nia: possible impact of dosing strategies. J Clin Psychiatry 1999;60:487–8.

Lane HY, Chang YC, Liu YC, Chiu CC, Tsai GE. Sarcosine or D-serine add-on treatment for
acute exacerbation of schizophrenia: a randomized, double-blind, placebo-
controlled study. Arch Gen Psychiatry 2005;62:1196–204.

Lane HY, Huang CL,Wu PL, Liu YC, Chang YC, Lin PY, et al. Glycine transporter I inhibitor,
N-methylglycine (sarcosine), added to clozapine for the treatment of schizophre-
nia. Biol Psychiatry 2006;60:645–9.

Lane HY, Liu YC, Huang CL, Chang YC, Liau CH, Perng CH, et al. Sarcosine (N-
methylglycine) treatment for acute schizophrenia: a randomized, double-blind
study. Biol Psychiatry 2008;63:9-12.

Lane HY, Lin CH, Huang YJ, Liao CH, Chang YC, Tsai GE. A randomized, double-blind,
placebo-controlled comparison study of sarcosine (N-methylglycine) and D-serine
add-on treatment for schizophrenia. Int J Neuropsychopharmacol 2010;13:451–60.

Laurie DJ, Seeburg PH. Ligand affinities at recombinant N-methyl-D-aspartate receptors
depend on subunit composition. Eur J Pharmacol 1994;268:335–45.

Leeson PD, Iversen LL. The glycine site on the NMDA receptor: structure-activity
relationships and therapeutic potential. J Med Chem 1994;37:4053–67.

Lenzi A, Maltinti E, Poggi E, Fabrizio L, Coli E. Effects of rivastigmine on cognitive
function and quality of life in patients with schizophrenia. Clin Neuropharmacol
2003;26:317–21.

Leucht S, Wahlbeck K, Hamann J, Kissling W. New generation antipsychotics versus
low-potency conventional antipsychotics: a systematic review and meta-analysis.
Lancet 2003;361:1581–9.

Lewis DA, Hashimoto T, Volk DW. Cortical inhibitory neurons and schizophrenia. Nat
Rev Neurosci 2005;6:312–24.

Li B, Woo RS, Mei L, Malinow R. The neuregulin-1 receptor erbB4 controls glutamatergic
synapse maturation and plasticity. Neuron 2007;54:583–97.

Lieberman JA, Stroup TS, McEvoy JP, Swartz MS, Rosenheck RA, Perkins DO, et al.
Effectiveness of antipsychotic drugs in patients with chronic schizophrenia. N Engl J
Med 2005;353:1209–23.

Lim R, Hoang P, Berger AJ. Blockade of glycine transporter-1 (GLYT-1) potentiates
NMDA receptor-mediated synaptic transmission in hypoglossal motorneurons.
J Neurophysiol 2004;92:2530–7.

Lipson SA, Rosenberg PA. Excitatory amino acids as a final common pathway for
neurologic disorders. N Engl J Med 1994;330(9):613–22.

Liu SK, Hsieh MH, Hwang TJ, Hwu HG, Liao SC, Lin SH, et al. Re-examining sustained
attention deficits as vulnerability indicators for schizophrenia: stability in the long
term course. J Psychiatr Res 2006;40:613–21.

Liu F, Grauer S, Kelley C, Navarra R, Graf R, Zhang G, et al. ADX47273 [S-(4-fluoro-phenyl)-
{3-[3-(4-fluoro-phenyl)-[1,2,4]-oxadiazol-5-yl]-piperidin-1-yl}-methanone]: A
NOVEL metabotropic glutamate receptor 5-selective positive allosteric modulator
with preclinical antipsychotic-like and procognitive activities. J Pharm Exp Ther
2008;327(3):827–39.

Livingston MG. Risperidone. Lancet 1994;343:457–60.
Lodge D. The history of the pharmacology and cloning of ionotropic glutamate

receptors and the development of idiosyncratic nomenclature. Neuropharmacol-
ogy 2009;56:6-21.

LuML, Lane HY, Lin SK, Chen KP, ChangWH. Adjunctive fluvoxamine inhibits clozapine-
related weight gain and metabolic disturbances. J Clin Psychiatry 2004;65:766–71.

Luby ED, Cohen BD, Rosenbaum G, Gottlieb JS, Kelley R. Study of a new
schizophrenomimetic drug; sernyl. AMA Arch Neurol Psychiatry 1959;81(3):
363–9.

Lynch G. Glutamate-based therapeutic approaches: ampakines. Curr Opin Pharmacol
2006;6:82–8.

Madeira C, Freitas ME, Vargas-Lopes C, Wolosker H, Panizzutti R. Increased brain
D-amino acid oxidase (DAAO) activity in schizophrenia. Schizophr Res 2008;101:
76–83.

Malhotra AK, Pinals DA, Adler CM, Elman I, Clifton A, Pickar D, et al. Ketamine-induced
exacerbation of psychotic symptoms and cognitive impairment in neuroleptic-free
schizophrenics. Neuropsychopharmacology 1997;17:141–50.

Malla A, Payne J. First-episode psychosis: psychopathology, quality of life, and
functional outcome. Schizophr Bull 2005;31:650–71.

Martina M, Krasteniakov NV, Bergeron R. D-Serine differently modulates NMDA receptor
function in rat CA1hippocampal pyramidal cells and interneurons. J Physiol 2003;548:
411–23.



676 C.-H. Lin et al. / Pharmacology, Biochemistry and Behavior 100 (2012) 665–677
Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H. Structural basis of long-term
potentiation in single dendritic spines. Nature 2004;429:761–6.

Mayer ML, Vyklicky Jr L, Clements J. Regulation of NMDA receptor desensitization in
mouse hippocampal neurons by glycine. Nature 1989;338:425–7.

McDonald JW, Johnston MV. Physiological and pathophysiological roles of excitatory
amino acids during central nervous system development. Brain Res Brain Res Rev
1990;15:41–70.

Millar JK, Wilson-Annan JC, Anderson S, Christie S, Taylor MS, Semple CA, et al.
Disruption of two novel genes by a translocation co-segregating with schizophre-
nia. Hum Mol Genet 2000;9:1415–23.

Miya K, Inoue R, Takata Y, Abe M, Natsume R, Sakimura K, et al. Serine racemase is
predominantly localized in neurons inmouse brain. J CompNeurol 2008;510:641–54.

Moghaddam B. Bringing order to the glutamate chaos in schizophrenia. Neuron 2003;40:
881–4.

Moghaddam B, Adams BW. Reversal of phencyclidine effects by a group II metabotropic
glutamate receptor agonist in rats. Science 1998;281:1349–52.

Mohn AR, Gainetdinov RR, Caron MG, Koller BH. Mice with reduced NMDA receptor
expression display behaviors related to schizophrenia. Cell 1999;98:427–36.

Mothet JP, Parent AT, Wolosker H, Brady Jr RO, Linden DJ, Ferris CD, et al. D-Serine is an
endogenous ligand for the glycine site of the N-methyl-D-aspartate receptor. Proc
Natl Acad Sci USA 2000;97:4926–31.

Mothet JP, Rouaud E, Sinet PM, Potier B, Jouvenceau A, Dutar P, et al. A critical role for
the glial-derived neuromodulator D-serine in the age-related deficits of cellular
mechanisms of learning and memory. Aging Cell 2006;5:267–74.

Mouri A, Noda Y, Enomoto T, Nabeshima T. Phencyclidine animal models of
schizophrenia: approaches from abnormality of glutamatergic neurotransmission
and neurodevelopment. Neurochem Int 2007;51:173–84.

Moy SS, Nadler JJ, Young NB, Nonneman RJ, Segall SK, Andrade GM, et al. Social
approach and repetitive behavior in eleven inbred mouse strains. Behav Brain Res
2008;191:118–29.

Nabeshima T, Mouri A, Murai R, Noda Y. Animal model of schizophrenia: dysfunction of
NMDA receptor-signaling in mice following withdrawal from repeated adminis-
tration of phencyclidine. Ann NY Acad Sci 2006;1086:160–8.

Nagata Y. Involvement of D-amino acid oxidase in elimination of D-serine in mouse
brain. Experientia 1992;48:753–5.

Neeman G, Blanaru M, Bloch B, Kremer I, Ermilov M, Javitt DC, et al. Relation of plasma
glycine, serine, and homocysteine levels to schizophrenia symptoms and
medication type. Am J Psychiatry 2005;162:1738–40.

Newcomer JW. Metabolic considerations in the use of antipsychotic medications: a
review of recent evidence. J Clin Psychiatry 2007;68(Suppl 1):20–7.

Newcomer JW, Farber NB, Jevtovic-Todorovic V, Selke G, Melson AK, Hershey T, et al.
Ketamine-induced NMDA receptor hypofunction as a model of memory impair-
ment and psychosis. Neuropsychopharmacology 1999;20:106–18.

Newpher TM, Ehlers MD. Glutamate receptor dynamics in dendritic microdomains.
Neuron 2008;58:472–97.

Nong Y, Huang YQ, Ju W, Kalia LV, Ahmadian G, Wang YT, et al. Glycine binding primes
NMDA receptor internalization. Nature 2003;422:302–7.

Norton N, Williams HJ, Owen MJ. An update on the genetics of schizophrenia. Curr Opin
Psychiatry 2006;19:158–64.

O'Connor JE, Costell M, Grisolia S. The potentiation of ammonia toxicity by sodium
benzoate is prevented by L-carnitine. Biochem Biophys Res Commun 1987;145:
817–24.

Ohnuma T, Shibata N, Maeshima H, Baba H, Hatano T, Hanzawa R, et al. Association
analysis of glycine- and serine-related genes in a Japanese population of patients
with schizophrenia. Prog Neuropsychopharmacol Biol Psychiatry 2009;33(3):
511–8.

Olney JW, Farber NB. Glutamate receptor dysfunction and schizophrenia. Arch Gen
Psychiatry 1995;52:998-1007.

O'Neill MJ, Dix S. AMPA receptor potentiators as cognitive enhancers. IDrugs 2007;10:
185–92.

O'Neill BV, Croft RJ,MannC,DangO, LeungS,GallowayMP, et al. High-doseglycine impairs
theprepulse inhibitionmeasureof sensorimotorgating inhumans. J Psychopharmacol
2010 Jul 8, [Epub ahead of print].

O'Tuathaigh CM, Babovic D, O'Meara G, Clifford JJ, Croke DT, Waddington JL.
Susceptibility genes for schizophrenia: characterisation of mutant mouse models
at the level of phenotypic behaviour. Neurosci Biobehav Rev 2007;31:60–78.

O'Tuathaigh CM, Kirby BP, Moran PM, Waddington JL. Mutant mouse models:
genotype-phenotype relationships to negative symptoms in schizophrenia.
Schizophr Bull 2010;36:271–88.

Panatier A, Theodosis DT, Mothet JP, Touquet B, Pollegioni L, Poulain DA, et al. Glia-
derived D-serine controls NMDA receptor activity and synaptic memory. Cell
2006;125:775–84.

Pascuzzi RM, Shefner J, Chappell AS, Bjerke JS, Tamura R, Chaudhry V, et al. A phase II
trial of talampanel in subjects with amyotrophic lateral sclerosis. Amyotroph
Lateral Scler 2010;11:266–71.

Patil ST, Zhang L, Martenyi F, Lowe SL, Jackson KA, Andreev BV, et al. Activation of
mGlu2/3 receptors as a new approach to treat schizophrenia: a randomized phase 2
clinical trial. Nat Med 2007;13(9):1102–7.

Perez-Otano I, Ehlers MD. Learning from NMDA receptor trafficking: clues to the
development andmaturationof glutamatergic synapses. Neurosignals 2004;13:175–89.

Pickard BS, Malloy MP, Porteous DJ, Blackwood DH, Muir WJ. Disruption of a brain
transcription factor, NPAS3, is associated with schizophrenia and learning
disability. Am J Med Genet B Neuropsychiatr Genet 2005;136B:26–32.

Pilowsky LS, Bressan RA, Stone JM, Erlandsson K, Mulligan RS, Krystal JH, et al. First in
vivo evidence of an NMDA receptor deficit in medication-free schizophrenic
patients. Mol Psychiatry 2006;11:118–9.
Qin S, Zhao X, Pan Y, Liu J, Feng G, Fu J, et al. An association study of the N-methyl-D-
aspartate receptor NR1 subunit gene (GRIN1) and NR2B subunit gene (GRIN2B) in
schizophrenia with universal DNA microarray. Eur J Hum Genet 2005;13(7):807–14.

Quinlan EM, Olstein DH, Bear MF. Bidirectional, experience-dependent regulation of N-
methyl-D-aspartate receptor subunit composition in the rat visual cortex during
postnatal development. Proc Natl Acad Sci USA 1999;96:12876–80.

Radant AD, Bowdle TA, Cowley DS, Kharasch ED, Roy-Byrne PP. Does ketamine-
mediated N-methyl-D-aspartate receptor antagonism cause schizophrenia-like
oculomotor abnormalities? Neuropsychopharmacology 1998;19:434–44.

Reynolds GP, Abdul-Monim Z, Neill JC, Zhang ZJ. Calcium binding protein markers of
GABA deficits in schizophrenia—postmortem studies and animal models. Neurotox
Res 2004;6:57–61.

Rowland LM, Astur RS, Jung RE, Bustillo JR, Lauriello J, Yeo RA. Selective cognitive
impairments associated with NMDA receptor blockade in humans. Neuropsycho-
pharmacology 2005;30:633–9.

Russel J. Lilly schizophrenia drug fails clinical trial. Earlier tests showed promise,
including none of the common side effects, but latest trial fell short. Indystar.com
2009 Mar 30.

Sawamura N, Sawa A. Disrupted-in-schizophrenia-1 (DISC1): a key susceptibility factor
for major mental illnesses. Ann NY Acad Sci 2006;1086:126–33.

Scaglia F, Carter S, O'BrienWE, Lee B. Effect of alternative pathway therapy on branched
chain amino acid metabolism in urea cycle disorder patients. Mol Genet Metab
2004;81(Suppl 1):S79–85.

Scolari MJ, Acosta GB. D-Serine: a new word in the glutamatergic neuro-glial language.
Amino Acids 2007;33:563–74.

Sheng M, Hoogenraad CC. The postsynaptic architecture of excitatory synapses: a more
quantitative view. Annu Rev Biochem 2007;76:823–47.

Sheng M, Cummings J, Roldan LA, Jan YN, Jan LY. Changing subunit composition of
heteromeric NMDA receptors during development of rat cortex. Nature 1994;368:
144–7.

Shi J, Gershon ES, Liu C. Genetic associations with schizophrenia: meta-analyses of 12
candidate genes. Schizophr Res 2008;104:96-107.

Shinkai T, De Luca V, Hwang R, Müller DJ, Lanktree M, Zai G, et al. Association analyses
of the DAOA/G30 and D-amino-acid oxidase genes in schizophrenia: further
evidence for a role in schizophrenia. Neuromolecular Med 2007;9(2):169–77.

Shleper M, Kartvelishvily E, Wolosker H. D-Serine is the dominant endogenous
coagonist for NMDA receptor neurotoxicity in organotypic hippocampal slices.
J Neurosci 2005;25:9413–7.

Simon V, van Winkel R, De Hert M. Are weight gain and metabolic side effects of
atypical antipsychotics dose dependent? A literature review. J Clin Psychiatry
2009;70:1041–50.

Singh SM, O'Reilly R. (Epi)genomics and neurodevelopment in schizophrenia:
monozygotic twins discordant for schizophrenia augment the search for disease-
related (epi)genomic alterations. Genome/National Research Council Canada
(Genome/Conseil national de recherches Canada) Genome 2009;52:8-19.

Singh SM, McDonald P, Murphy B, O'Reilly R. Incidental neurodevelopmental episodes
in the etiology of schizophrenia: an expanded model involving epigenetics and
development. Clin Genet 2004;65:435–40.

Sokolov BP. Expression of NMDAR1, GluR1, GluR7, and KA1 glutamate receptor mRNAs
is decreased in frontal cortex of “neuroleptic-free” schizophrenics: evidence on
reversible up-regulation by typical neuroleptics. J Neurochem 1998;71:2454–64.

Stefani MR, Moghaddam B. Transient N-methyl-D-aspartate receptor blockade in early
development causes lasting cognitive deficits relevant to schizophrenia. Biol
Psychiatry 2005;57(4):433–6.

Stefansson H, Sigurdsson E, Steinthorsdottir V, Bjornsdottir S, Sigmundsson T, Ghosh S,
et al. Neuregulin 1 and susceptibility to schizophrenia. Am J Hum Genet 2002;71:
877–92.

Steffek AE, Haroutunian V, Meador-Woodruff JH. Serine racemase protein expression in
cortex and hippocampus in schizophrenia. Neuroreport 2006;17:1181–5.

Sumiyoshi T, Anil AE, Jin D, Jayathilake K, Lee M, Meltzer HY. Plasma glycine and serine
levels in schizophrenia compared to normal controls and major depression:
relation to negative symptoms. Int J Neuropsychopharmacol 2004;7:1–8.

Swanson GT. Targeting AMPA and kainate receptors in neurological disease: therapies
on the horizon? Neuropsychopharmacology 2009;34:249–50.

Talbot K, EidemWL, Tinsley CL, Benson MA, Thompson EW, Smith RJ, et al. Dysbindin-1
is reduced in intrinsic, glutamatergic terminals of the hippocampal formation in
schizophrenia. J Clin Invest 2004;113:1353–63.

Thomson AM, Walker VE, Flynn DM. Glycine enhances NMDA-receptor mediated
synaptic potentials in neocortical slices. Nature 1989;338:422–4.

Toda M, Abi-Dargham A. Dopamine hypothesis of schizophrenia: making sense of it all.
Curr Psychiatry Rep 2007;9:329–36.

Torrey EF, Barci BM, Webster MJ, Bartko JJ, Meador-Woodruff JH, Knable MB.
Neurochemical markers for schizophrenia, bipolar disorder, and major depression
in postmortem brains. Biol Psychiatry 2005;57:252–60.

Tosato S, Dazzan P, Collier D. Association between the neuregulin 1 gene and
schizophrenia: a systematic review. Schizophr Bull 2005;31:613–7.

Tremblay GC, Qureshi IA. The biochemistry and toxicology of benzoic acid metabolism
and its relationship to the elimination of waste nitrogen. Pharmacol Ther 1993;60:
63–90.

Tsai G, Coyle JT. The role of glutamatergic neurotransmission in the pathophysiology of
alcoholism. Annu Rev Med 1998;49:173–84.

Tsai GE, Lin PY. Strategies to enhance N-methyl-D-aspartate receptor-mediated
neurotransmission in schizophrenia, a critical review and meta-analysis. Curr
Pharm Des 2010;16:522–37.

Tsai G, Yang P, Chung LC, Lange N, Coyle JT. D-Serine added to antipsychotics for the
treatment of schizophrenia. Biol Psychiatry 1998;44:1081–9.



677C.-H. Lin et al. / Pharmacology, Biochemistry and Behavior 100 (2012) 665–677
Tsai GE, Yang P, Chung LC, Tsai IC, Tsai CW, Coyle JT. D-Serine added to clozapine for the
treatment of schizophrenia. Am J Psychiatry 1999;156:1822–5.

Tsai G, Lane HY, Yang P, Chong MY, Lange N. Glycine transporter I inhibitor, N-
methylglycine (sarcosine), added to antipsychotics for the treatment of schizo-
phrenia. Biol Psychiatry 2004a;55:452–6.

Tsai G, Ralph-Williams RJ, Martina M, Bergeron R, Berger-Sweeney J, Dunham KS, et al.
Gene knockout of glycine transporter 1: characterization of the behavioral
phenotype. Proc Natl Acad Sci USA 2004b;101:8485–90.

Tsai GE, Yang P, Chang YC, Chong MY. D-Alanine added to antipsychotics for the
treatment of schizophrenia. Biol Psychiatry 2006;59:230–4.

Tsuang MT, Stone WS, Faraone SV. Towards the prevention of schizophrenia. Biol
Psychiatry 2000;48:349–56.

Tsuang HC, Lin SH, Liu SK, Hsieh MH, Hwang TJ, Liu CM, et al. More severe sustained
attention deficits in nonpsychotic siblings of multiplex schizophrenia families than
in those of simplex ones. Schizophr Res 2006;87:172–80.

van Berckel BN, Kegeles LS,Waterhouse R, Guo N, Hwang DR, Huang Y, et al. Modulation
of amphetamine-induced dopamine release by group II metabotropic glutamate
receptor agonist LY354740 in non-human primates studied with positron emission
tomography. Neuropsychopharmacology 2006;31(5):967–77.

van den Berghe-Snorek S, Stankovich MT. Thermodynamic control of D-amino acid
oxidase by benzoate binding. J Biol Chem 1985;260:3373–9.

van den Buuse M. Modeling the positive symptoms of schizophrenia in genetically
modified mice: pharmacology and methodology aspects. Schizophr Bull 2010;36:
246–70.

van Zundert B, Yoshii A, Constantine-Paton M. Receptor compartmentalization and
trafficking at glutamate synapses: a developmental proposal. Trends Neurosci
2004;27:428–37.

VanoniMA, CosmaA,MazzeoD,MatteviA, TodoneF, Curti B. Limitedproteolysis andX-ray
crystallography reveal the origin of substrate specificity and of the rate-limiting
product release during oxidation of D-amino acids catalyzed by mammalian D-amino
acid oxidase. Biochemistry 1997;36:5624–32.

Verrall L, Walker M, Rawlings N, Benzel I, Kew JN, Harrison PJ, et al. D-Amino acid
oxidase and serine racemase in human brain: normal distribution and altered
expression in schizophrenia. Eur J Neurosci 2007;26:1657–69.
Verrall L, Burnet PW, Betts JF, Harrison PJ. The neurobiology of D-amino acid oxidase
and its involvement in schizophrenia. Mol Psychiatry 2010;15:122–37.

Volk DW, Eggan SM, Lewis DA. Alterations in Metabotropic Glutamate Receptor 1α and
Regulator of G Protein Signaling 4 in the Prefrontal Cortex in Schizophrenia. Am J
Psychiatry 2010;167:1489–98.

Vyklický Jr L, Benveniste M, Mayer ML. Modulation of N-methyl-D-aspartic acid
receptor desensitization by glycine in mouse cultured hippocampal neurones. J
Physiol 1990;428:313–31.

Wake K, Yamazaki H, Hanzawa S, Konno R, Sakio H, Niwa A, et al. Exaggerated
responses to chronic nociceptive stimuli and enhancement of Nmethyl-D-aspartate
receptor-mediated synaptic transmission in mutant mice lacking D-amino-acid
oxidase. Neurosci Lett 2001;297:25–8.

Walsh T, McClellan JM, McCarthy SE, Addington AM, Pierce SB, Cooper GM, et al. Rare
structural variants disrupt multiple genes in neurodevelopmental pathways in
schizophrenia. Science 2008;320:539–43.

Wolosker H, Blackshaw S, Snyder SH. Serine racemase: a glial enzyme synthesizing D-serine
to regulate glutamate-N-methyl-D-aspartate neurotransmission. ProcNatl Acad Sci USA
1999;96:13409–14.

Xie X, Dumas T, Tang L, Brennan T, Reeder T, ThomasW, et al. Lack of the alanine-serine-
cysteine transporter 1 causes tremors, seizures, and early postnatal death in mice.
Brain Res 2005;1052:212–21.

Yang Y, Ge W, Chen Y, Zhang Z, Shen W, Wu C, et al. Contribution of astrocytes to
hippocampal long-term potentiation through release of D-serine. Proc Natl Acad Sci
USA 2003;100:15194–9.

Yashiro K, Philpot BD. Regulation of NMDA receptor subunit expression and its
implications for LTD, LTP, and metaplasticity. Neuropharmacology 2008;55:
1081–94.

Yu SY, Wu DC, Liu L, Ge Y, Wang YT. Role of AMPA receptor trafficking in NMDA
receptor-dependent synaptic plasticity in the rat lateral amygdala. J Neurochem
2008;106:889–99.

Zhao X, Li H, Shi Y, Tang R, Chen W, Liu J, et al. Significant association between the
genetic variations in the 5′ end of the N-methyl-D-aspartate receptor subunit gene
GRIN1 and schizophrenia. Biol Psychiatry 2006;59(8):747–53.


	Glutamate signaling in the pathophysiology and therapy of schizophrenia
	Introduction
	Glutamate receptors: ionotropic and metabotropic receptors
	NMDA receptor and synapse
	Metabotropic glutamate receptor

	Neurodevelopmental origin and genetic vulnerability of schizophrenia
	Evidence of NMDA hypofunction in schizophrenia
	Evidence of NMDA hypofunction in animal genetic models
	NMDA enhancing treatments
	Effects on different symptom domains of schizophrenia: negative symptoms, cognitive deficits and quality of life
	Clinical efficacy of NMDA enhancing agents
	Perspective
	AMPA receptor and ampakines
	Metabotropic glutamate receptor (mGluR) treatment
	NMDA enhancement by inhibition of d-amino acid oxidase

	Summary
	Acknowledgments
	References


