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Besides D-serine, another D-amino acid with endogenous occurrence in the mammalian

brain, D-aspartate, has been recently shown to influence NMDA receptor (NMDAR)-

mediated transmission. D-aspartate is present in the brain at extracellular level

in nanomolar concentrations, binds to the agonist site of NMDARs and activates

this subclass of glutamate receptors. Along with its direct effect on NMDARs,

D-aspartate can also evoke considerable L-glutamate release in specific brain areas

through the presynaptic activation of NMDA, AMPA/kainate and mGlu5 receptors.

D-aspartate is enriched in the embryonic brain of rodents and humans and its

concentration strongly decreases after birth, due to the post-natal expression of the

catabolising enzyme D-aspartate oxidase (DDO). Based on the hypothesis of NMDAR

hypofunction in schizophrenia pathogenesis, recent preclinical and clinical studies

suggested a relationship between perturbation of D-aspartate metabolism and this

psychiatric disorder. Consistently, neurophysiological and behavioral characterization

of Ddo knockout (Ddo−/−) and D-aspartate-treated mice highlighted that abnormally

higher endogenous D-aspartate levels significantly increase NMDAR-mediated synaptic

plasticity, neuronal spine density and memory. Remarkably, increased D-aspartate

levels influence schizophrenia-like phenotypes in rodents, as indicated by improved

fronto-hippocampal connectivity, attenuated prepulse inhibition deficits and reduced

activation of neuronal circuitry induced by phencyclidine exposure. In healthy humans,

a genetic polymorphism associated with reduced prefrontal DDO gene expression

predicts changes in prefrontal phenotypes including greater gray matter volume

and enhanced functional activity during working memory. Moreover, neurochemical

detections in post-mortem brain of schizophrenia-affected patients have shown

significantly reduced D-aspartate content in prefrontal regions, associated with

increased DDO mRNA expression or DDO enzymatic activity. Overall, these findings
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suggest a possible involvement of dysregulated embryonic D-aspartate metabolism in

schizophrenia pathophysiology and, in turn, highlight the potential use of free D-aspartate

supplementation as a new add-on therapy for treating the cognitive symptoms of this

mental illness.
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INTRODUCTION

Although L-amino acids aremostly used for protein synthesis and
metabolic processes in eukaryotes, some free amino acids are
present in a substantial amount in D configuration inmammalian
tissues, including humans. In particular, free D-aspartate (D-
Asp), and D-serine (D-Ser) are enriched in the brain where
they emerge in an age- and region-dependent manner (1–5).
Since its discovery at the beginning of the 90s (6), D-Ser has
been extensively studied in the mammalian brain. Nowadays,
it is well known that D-Ser is an endogenous N-Methyl D-
Aspartate (NMDA) receptor (NMDAR) co-agonist that regulates
the activation of glutamatergic excitatory synapses (7–10), thus
influencing different NMDAR-dependent functions, such as
brain development (11), synaptic transmission and plasticity
(12–17), and behaviors (18–20). In this line, alteration of D-Ser
metabolism has been linked to pathological conditions associated
with NMDAR dysfunction, including schizophrenia (21–23).
Unlike D-Ser, the neurobiological role of D-Asp has been most
significantly studied only from the last decade, so it is still
poorly defined. Nonetheless, we know today that D-Asp is able to
directly modulate NMDAR-mediated transmission and functions
in rodents, and dysregulation of its metabolism occurs in the
brain of schizophrenia patients. In this review, we will summarize
the evidence collected in both animal models and humans that
have led to hypothesize a role for this atypical amino acid in
schizophrenia pathophysiology.

PRESENCE OF FREE D-ASPARTATE AND
ITS METABOLIC REGULATION IN THE
MAMMALIAN BRAIN

The presence of free D-Asp in the mammalian brain was reported
for the first time by Dunlop et al. in the mid-80s (1). This
pioneering observation has been followed by many other studies
in rodents and humans that overall showed a transient emergence
of D-Asp in the brain, characterized by a peak of concentration
during developmental stages and a drastic fall after birth (1–
4, 24, 25). Among these studies, HPLC detections obtained by
Hashimoto et al. revealed that the amount of D-Asp in the human
prefrontal cortex (PFC) homogenates even exceeds that of the
corresponding L-form at gestational week 14 (3). Consistent
with this finding, in the rat brain D-Asp appears at embryonic
day 12 (E12) selectively in non-proliferating neuroblasts but
not in mitotic cells of the ventrocaudal forebrain, midbrain,
and hindbrain (24). In the ventral side of the forebrain, D-
Asp emerges in cell bodies of migrating neuroblasts and then

shifts to axons once these cells have reached the outer layer of
neural epithelium. Between E14 and E20, D-Asp concentration
increases and spreads to the whole brain. In particular, in the
cerebral cortex, D-Asp is present in both the cell bodies and
projections of neuroblasts (24). In another work, Snyder et al.
revealed that D-Asp is present in a substantial amount at birth
in the forebrain regions, like the cortex and part of the midbrain
(25). At post-natal day 2, D-Asp extends to the hindbrain and
cerebellum and is enriched in the subventricular zone and the
cortical plate of the cerebral cortex, the CA1-CA3 area and the
dentate gyrus of the hippocampus, and the external granular layer
of the cerebellum. In this last brain region, D-Asp staining is
associated with granule cells that have not yet migrated to their
definitive location (25). One week after birth, D-Asp decreases
and almost disappears in one-month-old brains (26). Notably, in
both prenatal and postnatal phases, D-Asp seems to be present
exclusively in neurons but not in glial cells (25, 26).

The peculiar spatiotemporal occurrence of D-Asp in the
embryonic brain suggests that this atypical molecule is mainly
produced through a de novo biosynthetic mechanism (Figure 1).
Accordingly, a time-dependent accumulation of D-Asp was
demonstrated in PC12 cells cultured in D-Asp-free medium
(27, 28). Further evidence resulted from primary cultures of rat
embryonic neurons in which [14C]-D-Asp was produced starting
from [14C]-L-Asp precursor (25). A pyridoxal 5’-phosphate
(PLP)-dependent glutamate-oxalacetate transaminase 1-like 1
(Got1l1) was identified as the enzyme that converts L-Asp to
D-Asp in the adult mouse brain (29). However, subsequent
findings have demonstrated that knockout of Got1l1 gene does
not produce any change in cerebral D-Asp levels of mutant mice
(30). Interestingly, two studies have shown that serine racemase
(SR), the only known enzyme responsible for D-Ser biosynthesis
in the mammalian brain (31), could be involved also in D-Asp
production, at least in some brain areas (32, 33). Indeed, Sr
knockoutmice display considerably decreased D-Asp levels in the
forebrain regions (around 50–60 %) but not in the cerebellum
(32, 33). Remarkably, overexpression of SR in rat PC12 cells
resulted in intracellular D-Asp increase while genetic ablation
of Sr in these cells did not produce changes in this D-amino
acid levels (33), further supporting that besides SR an additional
enzymatic activity for D-Asp biosynthesis is present in mammals.

While D-Asp biosynthetic pathway is still unclear, the enzyme
responsible for D-Asp degradation, D-aspartate oxidase (DDO,
or DAPOX EC 1.4.3.1), has been well known for a long time (34).
DDO is a peroxisomal flavoenzyme (35, 36) that oxidizes D-Asp
in presence of H2O and O2, producing α-oxaloacetate, H2O2,

and NH+

4 (Figure 1) (37–39). DDO is inactive toward D-Ser (40)
that is degraded by its homologous flavoenzyme, D-amino acid
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FIGURE 1 | Schematic pathway of the biochemical transformations of D-aspartate in the mammalian brain. D-aspartate is likely generated through stereochemical

inversion of L-aspartate. Recent studies in mice have shown that Serine racemase is partially involved in D-aspartate biosynthesis although it is still unclear whether its

activity toward aspartate is region- and/or age-dependent. These studies also suggested that there should be a main racemase activity specifically involved in

D-aspartate generation. On the other hand, it is acknowledged that D-aspartate is degraded by the enzyme D-aspartate oxidase through a process of deaminative

oxidation (requiring flavin adenine dinucleotide, FAD, as a prosthetic group) that produces the ketoacid α-oxalacetate, hydrogen peroxide, and ammonia. In addition,

D-aspartate can be converted into its N-methyl derivative, NMDA, possibly through a D-aspartate methyltransferase activity that uses s-adenosylmethionine (SAM) as

a methyl donor. See the main text for further descriptions.

oxidase (DAAO, EC 1.4.3.3) (41–43). A specific tripeptide signal
at the C-terminus of DDO targets this enzyme to peroxisomes
(40, 44), where the toxic H2O2 produced by D-Asp oxidation
can be safely removed by peroxisome-resident catalases
(45).

Consistent with a primary role for DDO activity in controlling
its substrate concentration, it has been reported that spatial
and temporal expression of this enzyme is reciprocal to D-
Asp (26, 35, 46). During mouse lifespan, the postnatal decrease
of cerebral D-Asp is mirrored by a time-dependent increase
of Ddo gene expression, as Ddo mRNA levels are very low
from E14 to 1 week of age and then strongly rise during
the following weeks until adult phase (46). Interestingly,
the postnatal increase of Ddo transcript levels is temporally
associated with concomitant dramatic demethylation of the
putative promoter region of Ddo gene. In agreement with an
influence of DNA methylation on Ddo mRNA expression, it
has been shown that treatment with the DNA demethylating
agent, azacitidine, triggers the expression of Ddo transcript
in embryonic cortical neurons, which do not express Ddo
gene in physiological conditions (46). Notably, the temporal
pattern of Ddo mRNA expression reported in the mouse brain
matches closely with the substantial increase in DDO enzymatic
activity found in the rat brain during the first weeks of
life (35). Like D-Asp, also DDO is prominently localized in
neurons, and only marginally expressed in glial population (36).
Overall, reciprocal spatiotemporal localization of DDO and D-
Asp suggests that during adulthood this enzyme is necessary
to remove its endogenous substrate from brain regions where
D-Asp is no more required and, indeed, could be functionally
detrimental and neurotoxic for neuronal activity and survival,
as found in the brain of elderly constitutive knockout mice
for Ddo gene (Ddo−/−) (46–48). The substantial and persistent
accumulation of D-Asp in the brain of Ddo−/− mice further
suggests that DDO is the only enzyme that catalyzes the
endogenous degradation of D-Asp, throughout the entire animal
lifespan (47, 49, 50).

PHARMACOLOGICAL FEATURES OF
D-ASPARTATE

Pioneering neuropharmacological studies performed in the
second half of the 80s, aimed at finding molecules with agonistic
or antagonistic activity for L-glutamate (L-Glu) receptors,
highlighted that D-Asp is able to bind to the L-Glu site of
NMDARs (51–55). In particular, one of these works revealed that
the efficiency of D-Asp in displacing the NMDAR antagonist,
D-AP5, in rat brain membranes is the same as NMDA and
around 10 times lower than L-Glu (54). Many years later, a series
of electrophysiological observations demonstrated that D-Asp
not only binds to NMDARs but also activates these receptors.
Indeed, local application of D-Asp on adult mouse brain slices
triggers inward currents in both hippocampal CA1 pyramidal
neurons and striatal GABAergic medium spiny neurons, which
are strongly reduced by the competitive and non-competitive
NMDAR antagonists, D-AP5 and MK-801, respectively (56,
57). D-Asp activates NMDARs through the binding to each of
the GluN2 subunits (58), and induces the transient increase
of intracellular Ca2+ (47). Notably, a small but significant
percentage of the currents triggered by D-Asp application still
endure even after application of high doses of MK-801 (47,
56, 58). The persistence of D-Asp-mediated currents under
conditions of NMDAR blockade suggests that this D-amino
acid may be able to affect, at least in part, additional receptor
complexes. Accordingly, D-Asp can also stimulate metabotropic
mGlu5 receptors in mouse and rat brain (59–61).

The endogenous occurrence of D-Asp in the brain and
its main ability to activate NMDARs are consistent with an
involvement of this D-amino acid in the in vivo modulation
of glutamatergic synaptic functioning. In agreement with this
idea, early studies have suggested that D-Asp can transit
through the extracellular space by transporter mechanisms
enabling its release and reuptake. Accordingly, experiments
using different ex vivo preparations (tissue slices, cells or
synaptosomes) demonstrated that D-Asp is released through
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exocytotic processes mediated by vesicular Ca2+ (25, 62–65). D-
Asp is contained in membrane-bound organelles, identified as
secretory granules (in PC12 cells) (64) or synaptic vesicles (in
synaptosome preparation) (66), in which this D-amino acid is
actively stored through still unknown transporter systems. In
line with in vitro data, Usiello et al. confirmed the existence
of Ca2+-dependent D-Asp release in the cortex of living mice.
Indeed, in microdialysis studies performed in the PFC of freely
moving animals they showed that D-Asp is present in the
extracellular space at nanomolar concentration (46, 61) and when
dialysates were collected in Ca2+-free artificial cerebrospinal
fluid, extracellular concentration of D-Asp dropped below the
limit of HPLC detection. Extracellular D-Asp has been also
recently demonstrated in the brain of domestic chicks, where it
decreases in an age-dependent manner and is transiently induced
following high K+ stimuli (67). The recent evidence that D-Asp
occurs also in the extracellular space confirms the idea that this D-
amino acid has the potential to bind to NMDARs also in vivo and,
in turn, to affect the glutamatergic neurotransmission dependent
on this receptor subclass. In addition to Ca2+-dependent efflux
system, further studies reported that D-Asp may also be released
through spontaneous processes (25, 68, 69) or mechanisms
involving L-Glu exchange (70, 71).

Different studies suggest that intracellular uptake of D-Asp
may depend by L-Glu/L-Asp transporter system, which moves
excitatory amino acids against their concentration gradient using
the Na+/K+ electrochemical gradient. Interestingly, while on
one side this carrier system recognizes only the L-enantiomer
of Glu, on the other it is able to take up both Asp enantiomers
with approximately the same efficiency (72). In line with an
involvement of L-Glu/L-Asp transporters in the reuptake of D-
Asp, autoradiographic and immunostaining experiments have
shown that D-Asp preloading on rodent hippocampal and
cerebellar slices causes a strong labeling in glutamatergic axons
and in surrounding glial processes (73–75). No direct evidence is
so far available about the existence of selective D-Asp reuptake
mechanisms in the in vivo brain. Nonetheless, the drastic and
fast reduction of cortical extracellular D-Asp after experimental
removal of Ca2+ from the artificial cerebrospinal fluid reported
in microdialysis studies (46, 61), seems to suggest the presence
of an active and efficient mechanism of D-Asp clearance in the
mammalian brain.

PRECLINICAL MODELS WITH A
NON-PHYSIOLOGICAL INCREASE OF
D-ASPARTATE CONTENT IN THE BRAIN

The generation of Ddo knockout mice (Ddo−/−) in two
independent laboratories (49, 50) has been a turning point for the
comprehension of the in vivo role of D-Asp and its catabolizing
enzyme. BothDdo−/− mouse lines display higher D-Asp levels in
the brain and peripheral organs, but comparable L-Asp (49, 50)
and L-Glu content (50), compared to their respective controls. In
more detail, HPLC detection in homogenates deriving from the
hippocampus, striatum, cortex, cerebellum and olfactory bulbs
showed ∼10- to 20-fold increase in D-Asp levels in Ddo−/−

mice, compared to wild-type animals (46, 47, 56, 57). Along
with D-Asp, also the levels of the N-methyl derivative of D-
Asp, NMDA, were increased in Ddo−/− brain homogenates (47,
49). In this regard, biochemical findings indicated that cerebral
NMDA could be generated through the transfer of a methyl
group from S-adenosyl methionine to D-aspartate catalyzed by a
methyltransferase activity (Figure 1) (76). In line with the rise of
total D-Asp levels in brain homogenates, recent evidence on PFC
dialysates has indicated that Ddo−/− mice display significantly
increased D-Asp concentration also in the extracellular fraction,
compared to Ddo+/+ littermates (a rise of about five times,
∼100 nM in Ddo−/− vs.∼20 nM in Ddo+/+) (46).

Besides Ddo gene targeting, another experimental approach
has been widely used in the last years to raise the cerebral levels
of D-Asp. This approach consists of the oral administration of D-
Asp to animals for periods of one-two months until the age of
two-three months. In relation to the brain region analyzed, such
a treatment produces an approximately 2- to 5-fold increase in D-
Asp content in homogenate samples, compared to the same areas
of untreated mice (56–58, 61). Such rise is substantially lesser
than that produced byDdo gene targeting since the DDO enzyme
expressed in the brain of adult D-Asp-treated mice is able to limit
the further increase of this D-amino acid levels. In line with the
effect of Ddo gene ablation, also the exogenous administration
of D-Asp is able to induce a significant extracellular increase
of this molecule in the PFC of freely moving mice, in both
chronic and acute conditions (61). In particular, chronic oral
administration of D-Asp for 1 month produces an increase in the
same order of magnitude as Ddo knockout (∼80 nM in treated
mice vs. ∼20 nM in untreated mice). On the other hand, acute
D-Asp injection (at the dose of 500 mg/kg) is able to trigger
a transient and rapid elevation of D-Asp levels already 20min
post-administration (from∼20 to∼500 nM). Consistent with the
observations of Usiello et al. (61), a very recent study showed that
intragastric infusion of D-Asp to rats reaches the hippocampus in
15min via blood circulation (77). Taken together, these findings
have a potential translational relevance as they highlight the
ability of D-Asp to cross the blood-brain barrier, as described
so far only for the D-stereoisomers of Ser and proline (78, 79).
Strikingly, both chronic oral administration and acute injection
of D-Asp are able to evoke a significant prefrontal efflux of
L-Glu (48, 61) through the presynaptic activation of NMDA,
mGlu5, and AMPA/kainate receptors triggered by this D-amino
acid (61). Overall, these data indicate that D-Asp could influence
glutamatergic neurotransmission not only through its direct
binding to the L-Glu site of postsynaptic NMDARs but also
through its ability to evoke the presynaptic release of endogenous
L-Glu in selective brain regions.

D-ASPARTATE AFFECTS FUNCTIONAL
AND STRUCTURAL NEURONAL
PROPERTIES DEPENDENT ON NMDA
RECEPTORS ACTIVATION

The results described so far suggest that D-Asp stimulates also
in vivo the glutamatergic transmission in adult rodents. In this
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regard, electrophysiological evidence obtained in the last 10
years has revealed that higher D-Asp content enhances NMDAR-
dependent early-phase and late-phase long-term potentiation
(E-LTP and L-LTP, respectively) in the CA1 area of the
hippocampus of both adult Ddo−/− and chronically D-Asp-
treated mice (47, 56, 58, 80). Interestingly, the induction of
E-LTP protocol, which causes a decaying LTP in Ddo+/+ and
untreated mice, is sufficient to maintain an enduring L-LTP
(lasting for more than 160min following tetanic stimulation)
in Ddo−/− and D-Asp-treated mice (80). In both models, D-
Asp-dependent L-LTP is insensitive to rapamycin administration
but is suppressed by cytochalasin D (80), a potent inhibitor
of actin polymerization. Moreover, chronic treatment with D-
Asp increases the frequency of NMDAR-mediated miniature
excitatory post-synaptic currents in pyramidal neurons of the
medial PFC layer II/III (80). Remarkably, in line with the
enhanced glutamatergic transmission, mice chronically treated
with D-Asp display stronger metabolic activity in fronto-
hippocampal areas, measured by basal cerebral blood volume-
weighted functional magnetic resonance imaging (fMRI) (80). In
this regard, increased synchronization between the hippocampus
and cortical regions has been also recently produced through
D-Asp gavage in awake rats subjected to blood oxygen level
dependent (BOLD) fMRI (77). Changes in synaptic functioning
are commonly associated with structural synaptic variations in
dendritic morphology (81, 82). This relationship is observed
also in the brain of Ddo−/− and D-Asp-treated mice, in
which facilitated induction of late-phase synaptic plasticity
is mirrored by increased dendritic length and spine density,
and greater dendritic arborisation in pyramidal neurons of
the PFC and hippocampus (80). These in vivo results are
inferred also from very recent in vitro findings showing that
the exogenous application of D-Asp to rat hippocampal slices
produces a rapid genesis of middle size spines of CA1 neurons
via an actin-sensitive mechanism, as early as 2 h after treatment
(77). Consistent with structural and functional enhancement
in cortico-hippocampal synaptic plasticity, Ddo−/− and D-
Asp treated mice display significant improvements in the
cognitive domain of spatial memory when tested in the hidden-
platform version of the Morris water maze and contextual
fear conditioning (47, 57), two behavioral tasks involving the
hippocampal activation of NMDARs (83, 84). Similar behavioral
observations were reported also in D-Asp-treated rats (85).

However, if on the one hand NMDARs promote synaptic
strength and connectivity, on the other they can produce
neuronal death if their stimulation is abnormally intense or
temporarily too long (86). In line with detrimental NMDAR-
related effects, persistent increase of D-Asp levels results in
precocious decay of basal glutamatergic transmission, synaptic
plasticity and hippocampal reference memory in 13/14-month-
old Ddo−/− (47), mirrored by loss of excitatory glutamatergic
synapses and reduction of synaptic GluN1 and GluN2B subunits
(87). In addition, a recent study also revealed that the lack
of DDO leads to severe neuroinflammation processes and cell
death in an age-dependent manner (46). In line with the results
obtained in elderly Ddo−/− animals, also aged C57BL/6J mice
treated with D-Asp (at the dose of 20mM) for 12 months display

similar deficits in hippocampal NMDAR-mediated synaptic
plasticity despite such prolonged administration results in only
two-fold D-Asp increase in this brain region (58). However, it
should be noted that the interruption of D-Asp treatment for 3
weeks is sufficient to fully rescue the NMDAR-dependent LTP
deficits and that such a long administration schedule does not
produce locomotor and anxiety-like alterations in aged animals
that, on the contrary, display a significant cognitive improvement
in cue-dependent fear conditioning paradigm (58). Overall, these
data point out that the “Yin and Yang” behavior of NMDARs (86)
can be recapitulated in different stages of life by deficient DDO
activity in the mouse brain.

D-ASPARTATE AFFECTS
SCHIZOPHRENIA-RELATED FEATURES
AND ACTIVATION OF NEURONAL
CIRCUITS IN THE RODENT BRAIN

Accumulating evidence supports the hypothesis that a
developmental hypofunction of NMDARs is a causative
factor in the etiology and pathophysiology of schizophrenia (88–
91). In the wake of the glutamatergic model of schizophrenia,
several clinical, pharmacological, imaging, and genetic findings
suggest today that dysfunctional metabolism of the NMDAR
co-agonist, D-Ser, may produce NMDAR-mediated alterations
leading to the manifestation of this mental illness (21–23, 92).

In the last years, a number of preclinical observations
have shown that also D-Asp may contribute to influence
some NMDAR-dependent phenotypes related to schizophrenia.
For instance, behavioral studies performed in adult Ddo−/−

and D-Asp-treated mice have revealed that chronic D-Asp
elevation significantly reduces the prepulse inhibition (PPI)
deficit induced by psychotomimetic drugs like amphetamine
and MK-801 without affecting basal properties of sensorimotor
filtering (57). In addition, Ddo−/− mice display a substantial
reduction of motor hyperactivity, ataxia and PPI disruption
triggered by acute administration of phencyclidine (PCP) (93,
94), the drug that better than any other models schizophrenia
symptoms in both humans and rodents (22, 95–97). In line with
behavioral observations, increased levels of D-Asp in Ddo−/−

mice are also able to counteract the dysfunctional cortico-limbo-
thalamic activation induced by PCP, as measured by fMRI
(94). Moreover, consistent with increased dendritic length and
spine density, resting-state fMRI has shown greater cortico-
hippocampal connectivity in the brain of Ddo−/− mice (94).
Increased functional connectivity between the hippocampus
and cortex has been recently found also in the rat brain
following intragastric administration of D-Asp (77). Since several
clinical and preclinical studies suggest the occurrence of cortico-
hippocampal dysconnectivity in schizophrenia (98, 99), the in
vivo imaging data obtained in animal models with higher D-Asp
levels highlight a potential translational relevance for D-Asp in
treating this mental illness. Consistently, increased levels of D-
Asp are also able to prevent corticostriatal long-term depression
(57), a synaptic feature reported also in mice chronically treated
with the typical antipsychotic haloperidol (100).
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REDUCED D-ASPARTATE
CONCENTRATION IN THE HUMAN
PREFRONTAL CORTEX OF
SCHIZOPHRENIA POST-MORTEM BRAIN

Based on the results obtained in preclinical research, recent
studies have focused the attention on humans in order to assess
D-Asp metabolism and its impact on phenotypes relevant to
schizophrenia. So far, two different studies have measured D-
Asp levels in two different cohorts of post-mortem brain samples
deriving from patients with schizophrenia and corresponding
non-psychiatric controls (101, 102). The first study, performed
on a small number of samples (7–10 subjects/diagnosis), revealed
reduced D-Asp levels (about 40%) in the post-mortem PFC
of schizophrenia-affected patients (101), linked to significantly
increased DDO mRNA levels in the same brain area (94).
However, neither methylation changes in the putative DDO
promoter nor gross aberrations in this gene, including insertion,
deletion, frameshift, or nonsense mutations were found in the
same samples (94). Also the second study, performed on a
larger number of samples (20 subjects/diagnosis/brain region),
reported a significant D-Asp reduction (about 30%) selectively
in the dorsolateral PFC (DLPFC) but not in the hippocampus
of patients, compared to the respective brain regions of non-
psychiatric subjects (102). Interestingly, the biochemical analysis
pointed out that reduced content of D-Asp in the DLPFC of
schizophrenia-affected subjects is associated with an aberrant
increase in DDO enzymatic activity (102). However, differently
from the first cohort of samples (101), DDO gene expression,
as well as DNA methylation status, was comparable between
diagnoses (102, 103). Moreover, western blotting analysis of SR,
regarded as an enzyme involved in D-Asp biosynthesis (32, 33),
revealed no changes between schizophrenia-affected patients and
healthy individuals (102).

Furthermore, to assess the effect of putative alteration
of D-Asp metabolism in the human brain, another study
reported the association among DDO gene variations, prefrontal
DDO mRNA expression and structural/functional prefrontal
phenotypes relevant to schizophrenia (80). Within this study,
an in silico analysis performed on 268 post-mortem brains
of non-psychiatric subjects (deriving from BrainCloud bank,
http://braincloud.jhmi.edu) revealed that the C allele of the
single nucleotide polymorphism (SNP), rs3757351, mapping in
an intronic region of DDO gene, is associated with reduced
prefrontal expression ofDDO transcript, compared to the T allele
and, thus, may hypothetically predict increased endogenous D-
Asp levels in the PFC. This result led authors to perform in vivo
imaging analyses whose results disclosed that healthy individuals
bearing the C allele also display increased prefrontal gray matter
volume and greater prefrontal activity, compared to the subjects
with the T allele, when they were subjected to 1- and 2-Back
working memory tasks.

Besides the neurochemical and functional studies reported
above in post-mortem schizophrenia brain, a recent preclinical
research by Usiello et al. revealed that the modulation of D-
Asp metabolism could be instrumental for the mechanism of

action by which a common second-generation antipsychotic,
olanzapine, influences glutamatergic cortical neurotransmission
(61). In particular, they found that olanzapine, differently from
other typical and atypical antipsychotics, inhibits the enzymatic
activity of DDO in vitro. Moreover, in agreement to in vitro
results, chronic administration of this antipsychotic is able to
increase the extracellular levels of D-Asp and L-Glu in the PFC
of freely moving Ddo+/+ mice, but not in Ddo−/− animals (61).

CONCLUSIONS AND FUTURE
PERSPECTIVES

The findings described in the present review highlight that
increased levels of the endogenous NMDAR agonist, D-Asp,
impact on a series of functional, and structural phenotypes
relevant to schizophrenia. Despite the knowledge on the
neurobiological role of D-Asp and its potential involvement in
schizophrenia is significantly enhanced in the last years, many
issues remain still unsolved or deserve further clarification.
For instance, it seems clear today that D-Asp is synthesized
in the brain where it is subjected to release and reuptake
mechanisms that enable its neuromodulatory activity, but it is
still unclear what are the specific enzymes and transport systems
responsible for such processes. Is there a selective enzymatic
activity responsible for D-Asp production in the mammalian
brain? Moreover, the influence of SR upon the endogenous D-
aspartate level still waits to be clarified in the human brain. If SR
is actually involved in D-Asp biosynthesis in the human brain,
to what extent it contributes to the generation of this D-amino
acid and in which spatiotemporal window? Are there relevant
genetic SR variants associated to dysregulation of cerebral D-
Asp levels? These questions may help to elucidate the effective
significance of altered D-Asp metabolism in schizophrenia since
SR is in the list of the largest genome-wide association study as
a susceptibility gene for schizophrenia (92). The assessment of
a D-Asp involvement in schizophrenia will necessarily undergo
the verification of altered D-Asp amount in further schizophrenia
brains. Indeed, the results of a dysregulated D-Asp metabolism
in post-mortem brain samples so far achieved are encouraging
but refer only to a limited number of samples, analyzed by the
same research team (101, 102). Therefore, this issue deserves
to be further assessed also by other laboratories and in a larger
number of post-mortem brain tissues as well as in other biological
materials such as the peripheral blood and cerebrospinal fluid of
patients (FE, AB and AU personal communication).

Another important aim that should be pursued in future
studies concerns the evaluation of the potential therapeutic
value of D-Asp in schizophrenia treatment. In support of its
translational application, D-Asp is nowadays approved for the
use in humans, and commercialized as a dietary supplement.
Accordingly, recent studies have shown that D-Asp treatment has
no toxicological consequences or influences on hormonal activity
of the hypothalamic-pituitary-gonadal axis and the mass of
skeletal muscle (104–108). Besides D-Asp administration, future
therapeutic strategies may be disclosed by the identification of
compounds with inhibitory activity against DDO and, thus, able
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to indirectly enhance the availability of cerebral D-Asp. Novel
DDO inhibitors have been so far functionally assayed in vitro by
Homma et al. (109) and await further in vivo characterization to
test their clinical validity.

Finally, future research needs to provide clear evidence
of the potential role of embryonic D-Asp metabolism in the
pathophysiological mechanisms leading to schizophrenia.
In this regard, it is very important to underline that the
etiology of this psychiatric disorder is likely to involve
genetic and environmental risk factors emerging during
the neurodevelopmental stages (110–113), in coincidence
with the peak of D-Asp, and affecting several processes
controlled by NMDARs, such as neurogenesis, survival,
migration and formation of brain circuits (114–116).
Therefore, we speculate that dysfunctional D-Asp metabolism

occurring during neurodevelopment may affect early critical
processes dependent on NMDARs and, in turn, contribute
to schizophrenia vulnerability. The recent generation of
a genetic mouse model with prenatal reduction of D-Asp
levels (FE and AU personal communication) may aid
to disclose the importance of the transient occurrence
of D-Asp in developmental brain processes and, in
turn, the potential involvement of dysregulated D-Asp
metabolism in a neurodevelopmental psychiatric disorder
like schizophrenia.

AUTHOR CONTRIBUTIONS

FE and AU conceived and wrote the manuscript. TN,MC and AB
critically reviewed the manuscript.

REFERENCES

1. Dunlop DS, Neidle A, McHale D, Dunlop DM, Lajtha A. The presence of free
D-aspartic acid in rodents and man. Biochem Biophys Res Commun. (1986)
141:27–32. doi: 10.1016/S0006-291X(86)80329-1

2. Neidle A, Dunlop DS. Developmental changes in free D-aspartic acid in
the chicken embryo and in the neonatal rat. Life Sci. (1990) 46:1517–22.
doi: 10.1016/0024-3205(90)90424-P

3. Hashimoto A, Kumashiro S, Nishikawa T, Oka T, Takahashi K, Mito T,
et al. Embryonic development and postnatal changes in free D-aspartate and
D-serine in the human prefrontal cortex. J Neurochem. (1993) 61:348–51.
doi: 10.1111/j.1471-4159.1993.tb03575.x

4. Hashimoto A, Oka T, Nishikawa T. Anatomical distribution and
postnatal changes in endogenous free D-aspartate and D-serine
in rat brain and periphery. Eur J Neurosci. (1995) 7:1657–63.
doi: 10.1111/j.1460-9568.1995.tb00687.x

5. Hamase K, Homma H, Takigawa Y, Fukushima T, Santa T, Imai K. Regional
distribution and postnatal changes of D-amino acids in rat brain. Biochim
Biophys Acta (1997) 1334:214–22. doi: 10.1016/S0304-4165(96)00095-5

6. Hashimoto A, Nishikawa T, Hayashi T, Fujii N, Harada K, Oka T, et al.
The presence of free D-serine in rat brain. FEBS Lett. (1992) 296:33–6.
doi: 10.1016/0014-5793(92)80397-Y

7. MartineauM, Baux G,Mothet JP. D-serine signalling in the brain: friend and
foe. Trends Neurosci. (2006) 29:481–91. doi: 10.1016/j.tins.2006.06.008

8. Billard JM. D-Amino acids in brain neurotransmission and synaptic
plasticity. Amino Acids (2012) 43:1851–60. doi: 10.1007/s00726-012-1346-3

9. Van Horn MR, Sild M, Ruthazer ES. D-serine as a gliotransmitter and its
roles in brain development and disease. Front Cell Neurosci. (2013) 7:39.
doi: 10.3389/fncel.2013.00039

10. Wolosker H, Radzishevsky I. The serine shuttle between glia and neurons:
implications for neurotransmission and neurodegeneration. Biochem Soc
Trans. (2013) 41:1546–50. doi: 10.1042/BST20130220

11. Kim PM, Aizawa H, Kim PS, Huang AS, Wickramasinghe SR, Kashani
AH, et al. Serine racemase: activation by glutamate neurotransmission via
glutamate receptor interacting protein andmediation of neuronal migration.
Proc Natl Acad Sci USA. (2005) 102:2105–10. doi: 10.1073/pnas.0409723102

12. Mothet JP, Parent AT, Wolosker H, Brady RO Jr, 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.
doi: 10.1073/pnas.97.9.4926

13. 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.
doi: 10.1073/pnas.2431073100

14. Fossat P, Turpin FR, Sacchi S, Dulong J, Shi T, Rivet JM, et al. Glial D-serine
gates NMDA receptors at excitatory synapses in prefrontal cortex. Cereb
Cortex (2012) 22:595–606. doi: 10.1093/cercor/bhr130

15. Papouin T, Ladepeche L, Ruel J, Sacchi S, Labasque M, Hanini
M, et al. Synaptic and extrasynaptic NMDA receptors are gated
by different endogenous coagonists. Cell (2012) 150:633–46.
doi: 10.1016/j.cell.2012.06.029

16. Li Y, Sacchi S, Pollegioni L, Basu AC, Coyle JT, Bolshakov VY.
Identity of endogenous NMDAR glycine site agonist in amygdala is
determined by synaptic activity level. Nat Commun. (2013) 4:1760.
doi: 10.1038/ncomms2779

17. Rosenberg D, Artoul S, Segal AC, Kolodney G, Radzishevsky I, Dikopoltsev
E, et al. Neuronal D-serine and glycine release via the Asc-1 transporter
regulates NMDA receptor-dependent synaptic activity. J Neurosci. (2013)
33:3533–44. doi: 10.1523/JNEUROSCI.3836-12.2013

18. 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. doi: 10.1038/mp.2008.130

19. Labrie V, Duffy S, Wang W, Barger SW, Baker GB, Roder JC. Genetic
inactivation of D-amino acid oxidase enhances extinction and reversal
learning in mice. Learn Mem. (2009) 16:28–37. doi: 10.1101/lm.1112209

20. DeVito LM, Balu DT, Kanter BR, Lykken C, Basu AC, Coyle JT,
et al. Serine racemase deletion disrupts memory for order and alters
cortical dendritic morphology. Genes Brain Behav. (2011) 10:210–22.
doi: 10.1111/j.1601-183X.2010.00656.x

21. Coyle JT, Tsai G. The NMDA receptor glycine modulatory site: a
therapeutic target for improving cognition and reducing negative
symptoms in schizophrenia. Psychopharmacology (2004) 174:32–8.
doi: 10.1007/s00213-003-1709-2

22. Javitt DC, Zukin SR, Heresco-Levy U, Umbricht D. Has an angel shown the
way? Etiological and therapeutic implications of the PCP/NMDA model of
schizophrenia Schizophr Bull. (2012) 38:958–66. doi: 10.1093/schbul/sbs069

23. Labrie V, Wong AH, Roder JC. Contributions of the D-serine
pathway to schizophrenia. Neuropharmacology (2012) 62:1484–503.
doi: 10.1016/j.neuropharm.2011.01.030

24. Sakai K, Homma H, Lee JA, Fukushima T, Santa T, Tashiro K,
et al. Emergence of D-aspartic acid in the differentiating neurons
of the rat central nervous system. Brain Res. (1998) 808:65–71.
doi: 10.1016/S0006-8993(98)00599-X

25. Wolosker H, D’Aniello A, Snyder SH. D-aspartate disposition in neuronal
and endocrine tissues: ontogeny, biosynthesis and release. Neuroscience
(2000) 100:183–9. doi: 10.1016/S0306-4522(00)00321-3

26. Schell MJ, Cooper OB, Snyder SH. D-aspartate localizations imply neuronal
and neuroendocrine roles. Proc Natl Acad Sci USA. (1997) 94:2013–8.
doi: 10.1073/pnas.94.5.2013

27. Long Z, Homma H, Lee JA, Fukushima T, Santa T, Iwatsubo T, et al.
Biosynthesis of D-aspartate in mammalian cells. FEBS Lett. (1998) 434:231–
5. doi: 10.1016/S0014-5793(98)00986-7

28. Long Z, Sekine M, Adachi M, Furuchi T, Imai K, Nimura N, et al.
Cell density inversely regulates D- and L-aspartate levels in rat

Frontiers in Psychiatry | www.frontiersin.org 7 November 2018 | Volume 9 | Article 559



Errico et al. Dysregulated D-Aspartate Metabolism in Schizophrenia

pheochromocytoma MPT1 cells. Arch Biochem Biophys. (2002) 404:92–7.
doi: 10.1016/S0003-9861(02)00241-2

29. Kim PM, Duan X, Huang AS, Liu CY, Ming GL, Song H, et al. Aspartate
racemase, generating neuronal D-aspartate, regulates adult neurogenesis.
Proc Natl Acad Sci USA. (2010) 107:3175–9. doi: 10.1073/pnas.09147
06107

30. Tanaka-Hayashi A, Hayashi S, Inoue R, Ito T, Konno K, Yoshida T, et al.
Is D-aspartate produced by glutamic-oxaloacetic transaminase-1 like 1
(Got1l1): a putative aspartate racemase? Amino Acids (2014) 47:79–86.
doi: 10.1007/s00726-014-1847-3

31. Wolosker H, Sheth KN, Takahashi M, Mothet JP, Brady RO Jr, Ferris CD,
et al. Purification of serine racemase: biosynthesis of the neuromodulator D-
serine. Proc Natl Acad Sci USA. (1999) 96:721–5. doi: 10.1073/pnas.96.2.721

32. HorioM, Ishima T, Fujita Y, Inoue R,Mori H, Hashimoto K. Decreased levels
of free D-aspartic acid in the forebrain of serine racemase (Srr) knock-out
mice. Neurochem Int. (2013) 62:843–7. doi: 10.1016/j.neuint.2013.02.015

33. Ito T, Hayashida M, Kobayashi S, Muto N, Hayashi A, Yoshimura T, et al.
Serine racemase is involved in d-aspartate biosynthesis. J Biochem. (2016)
160:345–35. doi: 10.1093/jb/mvw043

34. Still JL, Buell MV, Mary V, knox E, Green DE. Studies on the cyclophorase
system; D-aspartic oxidase. J Biol Chem. (1949) 179:831–7.

35. Van Veldhoven PP, Brees C, Mannaerts GP. D-aspartate oxidase, a
peroxisomal enzyme in liver of rat and man. Biochim Biophys Acta (1991)
1073:203–8. doi: 10.1016/0304-4165(91)90203-S

36. Zaar K, Kost HP, Schad A, Volkl A, Baumgart E, Fahimi HD.
Cellular and subcellular distribution of D-aspartate oxidase in human
and rat brain. J Comp Neurol. (2002) 450:272–82. doi: 10.1002/cne.
10320

37. D’Aniello A, Vetere A, Petrucelli L. Further study on the specificity of D-
amino acid oxidase and D-aspartate oxidase and time course for complete
oxidation of D-amino acids. Comp Biochem Physiol B. (1993) 105:731–4.
doi: 10.1016/0305-0491(93)90113-J

38. Katane M, Homma H. D-aspartate oxidase: the sole catabolic enzyme
acting on free D-aspartate in mammals. Chem Biodivers (2010) 7:1435–49.
doi: 10.1002/cbdv.200900250

39. Katane M, Homma H. D-Aspartate–an important bioactive substance
in mammals: a review from an analytical and biological point of view.
J Chromatogr B Analyt Technol Biomed Life Sci. (2011) 879:3108–21.
doi: 10.1016/j.jchromb.2011.03.062

40. Setoyama C, Miura R. Structural and functional characterization of
the human brain D-aspartate oxidase. J Biochem. (1997) 121:798–803.
doi: 10.1093/oxfordjournals.jbchem.a021655

41. Negri A, Ceciliani F, Tedeschi G, Simonic T, Ronchi S. The primary structure
of the flavoprotein D-aspartate oxidase from beef kidney. J Biol Chem. (1992)
267:11865–71.

42. Pollegioni L, Piubelli L, Sacchi S, PiloneMS,Molla G. Physiological functions
of D-amino acid oxidases: from yeast to humans. Cell Mol Life Sci. (2007)
64:1373–94. doi: 10.1007/s00018-007-6558-4

43. Sacchi S, Caldinelli L, Cappelletti P, Pollegioni L, Molla G. Structure-function
relationships in human D-amino acid oxidase. Amino Acids (2012) 43:1833–
50. doi: 10.1007/s00726-012-1345-4

44. Amery L, Brees C, Baes M, Setoyama C, Miura R, Mannaerts GP, et al.
C-terminal tripeptide Ser-Asn-Leu (SNL) of human D-aspartate oxidase
is a functional peroxisome-targeting signal. Biochem J. (1998) 336:367–71.
doi: 10.1042/bj3360367

45. Beard ME. D-aspartate oxidation by rat and bovine renal peroxisomes:
an electron microscopic cytochemical study. J Histochem Cytochem. (1990)
38:1377–81.

46. Punzo D, Errico F, Cristino L, Sacchi S, Keller S, Belardo C, et al. Age-Related
changes in D-aspartate oxidase promoter methylation control extracellular
D-aspartate levels and prevent precocious cell death during brain aging. J
Neurosci. (2016) 36:3064–78. doi: 10.1523/JNEUROSCI.3881-15.2016

47. Errico F, Nistico R, Napolitano F, Oliva AB, Romano R, Barbieri
F, et al. Persistent increase of D-aspartate in D-aspartate oxidase
mutant mice induces a precocious hippocampal age-dependent synaptic
plasticity and spatial memory decay. Neurobiol Aging (2011) 32:2061–74.
doi: 10.1016/j.neurobiolaging.2009.12.007

48. Cristino L, Luongo L, Squillace M, Paolone G, Mango D, Piccinin
S, et al. D-Aspartate oxidase influences glutamatergic system
homeostasis in mammalian brain. Neurobiol Aging (2015) 36:1890–902.
doi: 10.1016/j.neurobiolaging.2015.02.003

49. Errico F, Pirro MT, Affuso A, Spinelli P, De Felice M, D’Aniello A, et al.
A physiological mechanism to regulate D-aspartic acid and NMDA levels
in mammals revealed by D-aspartate oxidase deficient mice. Gene (2006)
374:50–7. doi: 10.1016/j.gene.2006.01.010

50. Huang AS, Beigneux A, Weil ZM, Kim PM, Molliver ME, Blackshaw S,
et al. D-aspartate regulates melanocortin formation and function: behavioral
alterations in D-aspartate oxidase-deficient mice. J Neurosci. (2006) 26:2814–
9. doi: 10.1523/JNEUROSCI.5060-05.2006

51. Fagg GE, Matus A. Selective association of N-methyl aspartate and
quisqualate types of L-glutamate receptor with brain postsynaptic densities.
Proc Natl Acad Sci USA. (1984) 81:6876–80. doi: 10.1073/pnas.81.21.6876

52. Monahan JB, Michel J. Identification and characterization of an
N-methyl-D-aspartate-specific L-[3H]glutamate recognition site in
synaptic plasma membranes. J Neurochem. (1987) 48:1699–708.
doi: 10.1111/j.1471-4159.1987.tb05726.x

53. Ogita K, Yoneda Y. Disclosure by triton X-100 of NMDA-sensitive [3H]
glutamate binding sites in brain synaptic membranes. Biochem Biophys Res
Commun. (1988) 153:510–7. doi: 10.1016/S0006-291X(88)81124-0

54. Olverman HJ, Jones AW, Mewett KN, Watkins JC. Structure/activity
relations of N-methyl-D-aspartate receptor ligands as studied by
their inhibition of [3H]D-2-amino-5-phosphonopentanoic acid
binding in rat brain membranes. Neuroscience (1988) 26:17–31.
doi: 10.1016/0306-4522(88)90124-8

55. Ransom RW, Stec NL. Cooperative modulation of [3H]MK-801 binding
to the N-methyl-D-aspartate receptor-ion channel complex by L-
glutamate, glycine, and polyamines. J Neurochem. (1988) 51:830–6.
doi: 10.1111/j.1471-4159.1988.tb01818.x

56. Errico F, Nistico R, Palma G, Federici M, Affuso A, Brilli E, et al.
Increased levels of d-aspartate in the hippocampus enhance LTP but do
not facilitate cognitive flexibility. Mol Cell Neurosci. (2008) 37:236–46.
doi: 10.1016/j.mcn.2007.09.012

57. Errico F, Rossi S, Napolitano F, Catuogno V, Topo E, Fisone G, et al.
D-aspartate prevents corticostriatal long-term depression and attenuates
schizophrenia-like symptoms induced by amphetamine and MK-801. J
Neurosci. (2008) 28:10404–14. doi: 10.1523/JNEUROSCI.1618-08.2008

58. Errico F, Nistico R, Napolitano F, Mazzola C, Astone D, Pisapia T,
et al. Increased D-aspartate brain content rescues hippocampal age-related
synaptic plasticity deterioration of mice.Neurobiol Aging (2011) 32:2229–43.
doi: 10.1016/j.neurobiolaging.2010.01.002

59. Molinaro G, Pietracupa S, Di Menna L, Pescatori L, Usiello A, Battaglia G,
et al. D-aspartate activates mGlu receptors coupled to polyphosphoinositide
hydrolysis in neonate rat brain slices. Neurosci Lett. (2010) 478:128–30.
doi: 10.1016/j.neulet.2010.04.077

60. Krashia P, Ledonne A, Nobili A, Cordella A, Errico F, Usiello
A, et al. Persistent elevation of D-Aspartate enhances NMDA
receptor-mediated responses in mouse substantia nigra pars
compacta dopamine neurons. Neuropharmacology (2016) 103:69–78.
doi: 10.1016/j.neuropharm.2015.12.013

61. Sacchi S, Novellis V, Paolone G, Nuzzo T, Iannotta M, Belardo C, et al.
Olanzapine, but not clozapine, increases glutamate release in the prefrontal
cortex of freely moving mice by inhibiting D-aspartate oxidase activity. Sci
Rep. (2017) 7:46288. doi: 10.1038/srep46288

62. Davies LP, Johnston GA. Uptake and release of D- and L-
aspartate by rat brain slices. J Neurochem. (1976) 26:1007–14.
doi: 10.1111/j.1471-4159.1976.tb06485.x

63. Malthe-Sorenssen D, Skrede KK, Fonnum F. Calcium-dependent release
of D-[3H]aspartate evoked by selective electrical stimulation of excitatory
afferent fibres to hippocampal pyramidal cells in vitro. Neuroscience (1979)
4:1255–63. doi: 10.1016/0306-4522(79)90155-6

64. Nakatsuka S, Hayashi M,Muroyama A, OtsukaM, Kozaki S, Yamada H, et al.
D-Aspartate is stored in secretory granules and released through a Ca(2+)-
dependent pathway in a subset of rat pheochromocytoma PC12 cells. J Biol
Chem. (2001) 276:26589–96. doi: 10.1074/jbc.M011754200

Frontiers in Psychiatry | www.frontiersin.org 8 November 2018 | Volume 9 | Article 559



Errico et al. Dysregulated D-Aspartate Metabolism in Schizophrenia

65. D’Aniello S, Somorjai I, Garcia-Fernandez J, Topo E, D’Aniello A. D-Aspartic
acid is a novel endogenous neurotransmitter. FASEB J. (2010) 25:1014–27.
doi: 10.1096/fj.10-168492

66. Fleck MW, Barrionuevo G, Palmer AM. Synaptosomal and vesicular
accumulation of L-glutamate, L-aspartate and D-aspartate. Neurochem Int.
(2001) 39:217–25. doi: 10.1016/S0197-0186(01)00018-3

67. Zachar G, Jako T, Vincze I, Wagner Z, Tabi T, Balint E, et al. Age-
related and function-dependent regional alterations of free L- and D-
aspartate in postembryonic chick brain. Acta Biol Hung. (2018) 69:1–15.
doi: 10.1556/018.68.2018.1.1

68. Adachi M, Koyama H, Long Z, Sekine M, Furuchi T, Imai K, et al.
L-Glutamate in the extracellular space regulates endogenous D-aspartate
homeostasis in rat pheochromocytoma MPT1 cells. Arch Biochem Biophys.
(2004) 424:89–96. doi: 10.1016/j.abb.2004.01.016

69. Koyama H, Adachi M, Sekine M, Katane M, Furuchi T, Homma
H. Cytoplasmic localization and efflux of endogenous D-aspartate in
pheochromocytoma 12 cells. Arch Biochem Biophys. (2006) 446:131–9.
doi: 10.1016/j.abb.2005.12.008

70. Anderson CM, Bridges RJ, Chamberlin AR, Shimamoto K, Yasuda-Kamatani
Y, Swanson RA. Differing effects of substrate and non-substrate transport
inhibitors on glutamate uptake reversal. J Neurochem. (2001) 79:1207–16.
doi: 10.1046/j.1471-4159.2001.00668.x

71. Bak LK, Schousboe A, Waagepetersen HS. Characterization of
depolarization-coupled release of glutamate from cultured mouse cerebellar
granule cells using DL-threo-beta-benzyloxyaspartate (DL-TBOA) to
distinguish between the vesicular and cytoplasmic pools. Neurochem Int.
(2003) 43:417–24. doi: 10.1016/S0197-0186(03)00030-5

72. PalacinM, Estevez R, Bertran J, Zorzano A.Molecular biology of mammalian
plasmamembrane amino acid transporters. Physiol Rev. (1998) 78:969–1054.
doi: 10.1152/physrev.1998.78.4.969

73. Taxt T, Storm-Mathisen J. Uptake of D-aspartate and L-glutamate
in excitatory axon terminals in hippocampus: autoradiographic and
biochemical comparison with gamma-aminobutyrate and other amino acids
in normal rats and in rats with lesions. Neuroscience (1984) 11:79–100.
doi: 10.1016/0306-4522(84)90215-X

74. Garthwaite G, Garthwaite J. Sites of D-[3H]aspartate accumulation
in mouse cerebellar slices. Brain Res. (1985) 343:129–36.
doi: 10.1016/0006-8993(85)91166-7

75. Gundersen V, Danbolt NC, Ottersen OP, Storm-Mathisen J. Demonstration
of glutamate/aspartate uptake activity in nerve endings by use of
antibodies recognizing exogenous D-aspartate. Neuroscience (1993) 57:97–
111. doi: 10.1016/0306-4522(93)90114-U

76. D’Aniello G, Tolino A, D’Aniello A, Errico F, Fisher GH, Di Fiore
MM. The role of D-aspartic acid and N-methyl-D-aspartic acid in
the regulation of prolactin release. Endocrinology (2000) 141:3862–70.
doi: 10.1210/endo.141.10.7706

77. Kitamura A, Hojo Y, Ikeda M, Karakawa S, Kuwahara T, Kim J, et al.
Ingested D-aspartate facilitates the functional connectivity and modifies
dendritic spine morphology in rat hippocampus. Cereb Cortex (2018).
doi: 10.1093/cercor/bhy120. [Epub ahead of print].

78. Bauer D, Hamacher K, Broer S, Pauleit D, Palm C, Zilles K, et al.
Preferred stereoselective brain uptake of d-serine–a modulator of
glutamatergic neurotransmission. Nucl Med Biol. (2005) 32:793–7.
doi: 10.1016/j.nucmedbio.2005.07.004

79. Langen KJ, Hamacher K, Bauer D, Broer S, Pauleit D, Herzog H, et al.
Preferred stereoselective transport of the D-isomer of cis-4-[18F]fluoro-
proline at the blood-brain barrier. J Cereb Blood Flow Metab. (2005) 25:607–
16. doi: 10.1038/sj.jcbfm.9600065

80. Errico F, Nistico R, Di Giorgio A, Squillace M, Vitucci D, Galbusera A,
et al. Free D-aspartate regulates neuronal dendritic morphology, synaptic
plasticity, gray matter volume and brain activity in mammals. Transl
Psychiatry (2014) 4:e417. doi: 10.1038/tp.2014.59

81. Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H. Structural basis of
long-term potentiation in single dendritic spines. Nature (2004) 429:761–6.
doi: 10.1038/nature02617

82. Okamoto K, Nagai T, Miyawaki A, Hayashi Y. Rapid and persistent
modulation of actin dynamics regulates postsynaptic reorganization

underlying bidirectional plasticity. Nat Neurosci. (2004) 7:1104–12.
doi: 10.1038/nn1311

83. Morris RG. Synaptic plasticity and learning: selective impairment of
learning rats and blockade of long-term potentiation in vivo by the N-
methyl-D-aspartate receptor antagonist AP5. J Neurosci. (1989) 9:3040–57.
doi: 10.1523/JNEUROSCI.09-09-03040.1989

84. Phillips RG, LeDoux JE. Differential contribution of amygdala and
hippocampus to cued and contextual fear conditioning. Behav Neurosci.
(1992) 106:274–85. doi: 10.1037/0735-7044.106.2.274

85. Topo E, Soricelli A, Di Maio A, D’Aniello E, Di Fiore MM, D’Aniello A.
Evidence for the involvement of D-aspartic acid in learning and memory of
rat. Amino Acids (2010) 38:1561–9. doi: 10.1007/s00726-009-0369-x

86. Hardingham GE, Bading H. The Yin and Yang of NMDA receptor signalling.
Trends Neurosci. (2003) 26:81–9. doi: 10.1016/S0166-2236(02)00040-1

87. Cristino L, Luongo L, Squillace M, Paolone G, Mango D, Piccinin
S, et al. D-Aspartate-Oxidase influences glutamatergic system
homeostasis in mammalian brain. Neurobiol Aging. (2015) 36:1890–902.
doi: 10.1016/j.neurobiolaging.2015.02.00

88. Sawa A, Snyder SH. Schizophrenia: neural mechanisms for novel therapies.
Mol Med. (2003) 9:3–9. doi: 10.1007/BF03402101

89. Coyle JT, Tsai G. NMDA receptor function, neuroplasticity, and the
pathophysiology of schizophrenia. Int Rev Neurobiol. (2004) 59:491–515.
doi: 10.1016/S0074-7742(04)59019-0

90. Coyle JT. NMDA receptor and schizophrenia: a brief history. Schizophr Bull.
(2012) 38:920–6. doi: 10.1093/schbul/sbs076

91. Moghaddam B, Javitt D. From revolution to evolution: the glutamate
hypothesis of schizophrenia and its implication for treatment.
Neuropsychopharmacology (2012) 37:4–15. doi: 10.1038/npp.2011.181

92. Schizophrenia Working Group of the Psychiatric Genomics C. Biological
insights from 108 schizophrenia-associated genetic loci. Nature (2014)
511:421–7. doi: 10.1038/nature13595

93. de Bartolomeis A, Errico F, Aceto G, Tomasetti C, Usiello A, Iasevoli
F. D-aspartate dysregulation in Ddo(-/-) mice modulates phencyclidine-
induced gene expression changes of postsynaptic density molecules in cortex
and striatum. Prog Neuropsychopharmacol Biol Psychiatry (2015) 62:35–43.
doi: 10.1016/j.pnpbp.2015.05.003

94. Errico F, D’Argenio V, Sforazzini F, Iasevoli F, Squillace M, Guerri G, et al. A
role for D-aspartate oxidase in schizophrenia and in schizophrenia-related
symptoms induced by phencyclidine in mice. Transl Psychiatry (2015)
5:e512. doi: 10.1038/tp.2015.2

95. Morris BJ, Cochran SM, Pratt JA. PCP: from pharmacology to
modelling schizophrenia. Curr Opin Pharmacol. (2005) 5:101–6.
doi: 10.1016/j.coph.2004.08.008

96. Jones CA, Watson DJ, Fone KC. Animal models of schizophrenia. Br J
Pharmacol. (2011) 164:1162–94. doi: 10.1111/j.1476-5381.2011.01386.x

97. Moghaddam B, Krystal JH. Capturing the angel in “angel dust”:
twenty years of translational neuroscience studies of NMDA receptor
antagonists in animals and humans. Schizophr Bull. (2012) 38:942–9.
doi: 10.1093/schbul/sbs075

98. Zhou Y, Shu N, Liu Y, Song M, Hao Y, Liu H, et al. Altered
resting-state functional connectivity and anatomical connectivity of
hippocampus in schizophrenia. Schizophr Res. (2008) 100:120–32.
doi: 10.1016/j.schres.2007.11.039

99. Meyer-Lindenberg A. From maps to mechanisms through neuroimaging of
schizophrenia. Nature (2010) 468:194–202. doi: 10.1038/nature09569

100. Centonze D, Usiello A, Costa C, Picconi B, Erbs E, Bernardi G,
et al. Chronic haloperidol promotes corticostriatal long-term potentiation
by targeting dopamine D2L receptors. J Neurosci. (2004) 24:8214–22.
doi: 10.1523/JNEUROSCI.1274-04.2004

101. Errico F, Napolitano F, Squillace M, Vitucci D, Blasi G, de Bartolomeis A,
et al. Decreased levels of d-aspartate and NMDA in the prefrontal cortex and
striatum of patients with schizophrenia. J Psychiatr Res. (2013) 47:1432–7.
doi: 10.1016/j.jpsychires.2013.06.013

102. Nuzzo T, Sacchi S, Errico F, Keller S, Palumbo O, Florio E, et al. Decreased
free d-aspartate levels are linked to enhanced d-aspartate oxidase activity in
the dorsolateral prefrontal cortex of schizophrenia patients. NPJ Schizophr.
(2017) 3:16. doi: 10.1038/s41537-017-0015-7

Frontiers in Psychiatry | www.frontiersin.org 9 November 2018 | Volume 9 | Article 559



Errico et al. Dysregulated D-Aspartate Metabolism in Schizophrenia

103. Keller S, Punzo D, Cuomo M, Affinito O, Coretti L, Sacchi S, et al.
DNA methylation landscape of the genes regulating D-serine and D-
aspartate metabolism in post-mortem brain from controls and subjects with
schizophrenia. Sci Rep. (2018) 8:10163. doi: 10.1038/s41598-018-28332-x

104. Willoughby DS, Leutholtz B. D-aspartic acid supplementation combined
with 28 days of heavy resistance training has no effect on body composition,
muscle strength, and serum hormones associated with the hypothalamo-
pituitary-gonadal axis in resistance-trainedmen.Nutr Res. (2013) 33:803–10.
doi: 10.1016/j.nutres.2013.07.010

105. Willoughby DS, Spillane M, Schwarz N. Heavy resistance training and
supplementation with the alleged testosterone booster nmda has no effect
on body composition, muscle performance, and serum hormones associated
with the hypothalamo-pituitary-gonadal axis in resistance-trained males. J
Sports Sci Med. (2014) 13:192–9.

106. Melville GW, Siegler JC, Marshall PW. Three and six grams supplementation
of d-aspartic acid in resistance trained men. J Int Soc Sports Nutr. (2015)
12:15. doi: 10.1186/s12970-015-0078-7

107. Melville GW, Siegler JC, Marshall PWM. The effects of d-aspartic acid
supplementation in resistance-trained men over a three month training
period: a randomised controlled trial. PLoS ONE (2017) 12:e0182630.
doi: 10.1371/journal.pone.0182630

108. Crewther B, Witek K, Zmijewski P, Obminski Z. Short-Term d-Aspartic
acid supplementation does not affect serum biomarkers associated with the
hypothalamic-pituitary-gonadal axis in male climbers. Int J Sport Nutr Exerc
Metab. (2018) 21:1–6. doi: 10.1123/ijsnem.2018-0076

109. Katane M, Yamada S, Kawaguchi G, Chinen M, Matsumura M, Ando T, et al.
Identification of Novel D-Aspartate oxidase inhibitors by in silico screening
and their functional and structural characterization in vitro. J Med Chem.
(2015) 58:7328–40. doi: 10.1021/acs.jmedchem.5b00871

110. Fatemi SH, Folsom TD. The neurodevelopmental hypothesis
of schizophrenia, revisited. Schizophr Bull. (2009) 35:528–48.
doi: 10.1093/schbul/sbn187

111. Lu L, Mamiya T, Koseki T, Mouri A, Nabeshima T. Genetic animal models of
schizophrenia related with the hypothesis of abnormal neurodevelopment.
Biol Pharm Bull. (2011) 34:1358–63. doi: 10.1248/bpb.34.1358

112. Owen MJ, O’Donovan MC, Thapar A, Craddock N. Neurodevelopmental
hypothesis of schizophrenia. Br J Psychiatry (2011) 198:173–5.
doi: 10.1192/bjp.bp.110.084384

113. Ursini G, Punzi G, Chen Q, Marenco S, Robinson JF, Porcelli A, et al.
Convergence of placenta biology and genetic risk for schizophrenia. Nat
Med. (2018) 24:792–801. doi: 10.1038/s41591-018-0021-y

114. Ikonomidou C, Bittigau P, Koch C, Genz K, Hoerster F, Felderhoff-
Mueser U, et al. Neurotransmitters and apoptosis in the developing
brain. Biochem Pharmacol. (2001) 62:401–5. doi: 10.1016/S0006-2952(01)0
0696-7

115. Ritter LM, Vazquez DM, Meador-Woodruff JH. Ontogeny of ionotropic
glutamate receptor subunit expression in the rat hippocampus. Brain
Res Dev Brain Res. (2002) 139:227–36. doi: 10.1016/S0165-3806(02)0
0572-2

116. Nacher J, McEwen BS. The role of N-methyl-D-asparate receptors
in neurogenesis. Hippocampus (2006) 16:267–70. doi: 10.1002/hipo.
20160

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Errico, Nuzzo, Carella, Bertolino and Usiello. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Psychiatry | www.frontiersin.org 10 November 2018 | Volume 9 | Article 559


