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Abstract Far from our initial view of D-amino acids as

being limited to invertebrates, they are now considered

active molecules at synapses of mammalian central and

peripheral nervous systems, capable of modulating synap-

tic communication within neuronal networks. In particular,

experimental data accumulated in the last few decades

show that through the regulation of glutamatergic neuro-

transmission, D-serine influences the functional plasticity of

cerebral circuitry throughout life. In addition, the modu-

lation of NMDA-R-dependent signalling by D-aspartate has

been demonstrated by pharmacological studies and after

the targeted deletion of the D-aspartate-degrading enzyme.

Considering the major contribution of the glutamatergic

system to a wide range of neurological disorders such as

schizophrenia, Alzheimer’s disease and amyotrophic lat-

eral sclerosis, an improved understanding of the mecha-

nisms of D-amino-acid-dependent neuromodulation will

certainly offer new insights for the development of relevant

strategies to treat these neurological diseases.

Keywords D-Serine � D-Aspartate � Glutamate � NMDA

receptor � Synaptic plasticity � Long-term potentiation �
Serine racemase � D-Amino acid oxidase �
D-Aspartate oxidase

Introduction

A major characteristic of scientific thinking is that it con-

stantly challenges what is accepted as dogma, helping to

increase, and sometimes overturn, our knowledge of the

complexity of biological functions. This is particularly the

case with the role of free D-amino acids in the nervous

system. For a long time, these compounds were thought to

occur only in lower organisms (Lamzin et al. 1995), and

their presence in the tissues of eukaryotes was considered

unnatural (Corrigan 1969). Thus, while it was known that

D-alanine and a derivative of D-glutamine constituted a

peptidoglycan within the cell walls of bacteria and D-serine

controlled the rate of growth of these organisms (Smith and

Higuchi 1960; Whitney and Grula 1968), the prevalent idea

was that D-amino acids in mammals were provided by diet

or derived from the metabolism of endogenous microbial

flora. However, the presence in higher species of several

flavoproteins responsible for the oxidative deamination of

neutral and dicarboxylic D-amino acids, enzymes charac-

terized as early as the mid-1930s (Krebs 1935; Still et al.

1949), strongly suggested that mammals, including

humans, could also possess specific D-amino acid-depen-

dent pathways with defined biological functions.

It was only with the advent of refinements in chromato-

graphic and in vivo microdialysis techniques together with

immunohistochemical experiments using stereospecific anti-

bodies that the presence of free D-amino acids at significant

amounts, sometimes exceeding those of the L-enantiomers

(Hashimoto et al. 1993b, 1995b; Schell et al. 1995), was

definitively demonstrated in the brain of rodents and humans.

Finally, the localization of these D-amino acids in specific cell

types and the characterization of their uptake, biosynthesis

and release processes in primary cultures of glial and neuronal

cells were decisive stages in ascertaining their role in cellular

communications in the brain of higher organisms (Drejer et al.

1983; Dunlop et al. 1986; Man et al. 1987).

This review focuses on the available evidence indicating

that the amino acids D-serine and D-aspartate are involved
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in the modulation of neurotransmission and functional

plasticity at glutamatergic synapses of the central nervous

system. Deciphering the mechanisms underlying this

modulation is now a major challenge for neuroscientists

interested in characterizing new therapeutic targets in

glutamate-related neurological diseases.

D-Serine: an endogenous neuromodulator

at glutamatergic synapses

The first report of significant levels of free D-serine in the brain

came in the early 1990s from the Hashimoto group, which

used a modified high-performance liquid chromatography

technique to distinguish between the D- and L-enantiomers

(Hashimoto et al. 1993b, 1995a). Their work shows that the

acid isoform is not quasi-ubiquitous in the central and

peripheral nervous systems; it is detected in some brain

regions at fairly high levels (up to 500 lM), suggesting a

significant influence on neurotransmission and related pro-

cesses. Several interesting results obtained with complemen-

tary technical approaches are consistent with this hypothesis:

using specific antibodies raised against the amino acid and

adequate perfusion of cerebral tissues, D-serine is found to

concentrate in the vicinity of N-methyl-D-aspartate receptors

(NMDA-R) (Hashimoto et al. 1993b; Schell et al. 1997),

which are critically involved in brain development, learning

and memory and cellular excitotoxicity.

NMDA-Rs are a class of ionotropic glutamate receptors

composed of GluN1 subunits combined with the different

four GluN2 subunits, where the functional properties of

each heteromeric assembly depend on its subunit compo-

sition (Paoletti 2011; Traynelis et al. 2010). Binding studies

have revealed that D-serine selectively binds to the strych-

nine-insensitive glycine-binding site present on the GluN1

subunit (Fletcher et al. 1989; Matsui et al. 1995; McBain

et al. 1989; Furukawa and Gouaux 2003), while electro-

physiological analyses indicate that D-serine differentially

activates purified recombinant NMDA-Rs expressed on

oocytes depending on the subunit composition of the

receptor, the amino acid being more potent than glycine at

binding to GluN2A-containing NMDA-Rs but less potent

with GluN2B-containing (Matsui et al. 1995; Priestley et al.

1995; but see Wafford et al. 1995). Taken together, these

data suggest that D-serine is a full agonist of NMDA-Rs, and

recordings from ex vivo brain preparations confirm that

exogenous application of the amino acid enhances NMDA-

R-mediated synaptic currents in a large range of cerebral

structures (Fig. 1a), including the hippocampal CA1 area

(Haxaire et al. 2012; Henneberger et al. 2010; Junjaud et al.

2006; Martina et al. 2003; Mothet et al. 2006; Yang et al.

2003; Zhang et al. 2008), layer V/VI of the prefrontal cortex

(Fossat et al. 2012), layer II/III of the visual cortex (Ito and

Hicks 2001), the anterior cingulate and olfactory cortices

(Collins 1991; Guo et al. 2005), the nucleus of the tractus

solitarius (Baptista and Varanda 2005), the dorsolateral

striatum (Chapman et al. 2003), the medial nucleus of the

trapezoid body (Reyes-Haro et al. 2010) and the supraoptic

nucleus of the hypothalamus (Panatier et al. 2006), but

not cerebellar mossy-fibre/granule-cell synapses (Billups

and Attwell 2003). Regarding the cellular populations

Fig. 1 D-Serine is an endogenous co-agonist of NMDA-R at synapses

of the medial prefrontal cortex (mPC). a Time-course of the increase

in NMDA-R-mediated excitatory postsynaptic currents (EPSCs)

induced by the exogenous application of D-serine. Numbers in the

upper panel are examples of EPSCs recorded before, during and after

D-serine application. b Examples of NMDA-R- (upper trace) and

AMPA-R-mediated EPSCs (lower trace) recorded in a control mPC

slice (Ctrl), in a slice pre-treated with recombinant D-amino acid

oxidase (RgDAAO), and in a slice pre-treated with DAAO and

supplemented with D-serine. c Bar graph comparing the mean

(±SEM) AMPA-EPSC/NMDA-EPSC ratio (AMPA/NMDA radio)

calculated from control slices, slices pre-treated with DAAO and

slices pre-treated with recombinant glycine oxidase (BsGO)

(*p \ 0.05). Modified from Fossat et al. (2012)
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responsive to the amino acid, it is interesting to note the

larger increase in NMDA-R activation by D-serine in hip-

pocampal CA1 pyramidal cells than in neighbouring

GABAergic interneurons (Martina et al. 2003), probably

reflecting differences in NMDA-R subunit composition

between these cells. In addition to its primary role in acti-

vating NMDA-Rs, therefore, D-serine may also modulate

the excitation–inhibition balance of neuronal networks.

Despite the wide consensus regarding the excitatory

modulation of NMDA-R activation by D-serine, evidence

that the amino acid is a true endogenous co-agonist of

NMDA-R in the brain was missed for a while. This ques-

tion was first resolved using the specific enzymatic deg-

radation of D-serine by D-amino acid oxidase (DAAO).

This enzyme is a peroxisomal FAD-containing flavo-oxi-

dase that catalyses the oxidative deamination of the amino

acid (Krebs 1935; Pollegioni et al. 2007; Pollegioni and

Sacchi 2010). Indeed, Mothet et al. (2000) were the first to

show that a pre-treatment with DAAO decreases sponta-

neous and agonist-evoked NMDA-R-mediated currents in

cultured hippocampal neurons. The same enzymatic pro-

cedure also reduces electrically evoked NMDA-R-medi-

ated excitatory postsynaptic currents (EPSCs) in the

hippocampal CA1 area (Yang et al. 2003) as well as in the

hypothalamic supraoptic nucleus (Panatier et al. 2006) and

the medial prefrontal cortex (Fossat et al. 2012) (Fig. 1b, c).

Interestingly, in the two latter cerebral structures, pre-

treatment with glycine oxidase (GO) to deplete endogenous

glycine does not alter NMDA-R-dependent EPSCs, indi-

cating that D-serine could be the major endogenous

co-agonist of NMDA-R at mature excitatory synapses in

these structures. Very recently, the development of condi-

tional null mutations of the D-serine synthesizing enzyme

serine racemase (SR) in forebrain neurons has confirmed

that D-serine acts as an endogenous NMDA-R co-agonist

since this procedure decreases the miniature EPSCs (mE-

PSCs) specifically generated by the activation of these

receptors (Benneyworth et al. 2012). Surprisingly, the

irreversible targeted disruption of SR, which induces a

*90 % decrease in forebrain D-serine content (Basu et al.

2009; Horio et al. 2011; Inoue et al. 2008), does not sig-

nificantly affect the magnitude of NMDA-R-synaptic cur-

rents in the hippocampal CA1 area but only the decay

kinetics of the EPSCs, which is slightly slowed, although

the level of occupancy of the NMDA-R glycine-binding

site is significantly reduced (Basu et al. 2009). Although a

modification in NMDA-R subunit composition is postu-

lated to account for these changes in kinetics in SR null

mice (Basu et al. 2009), the absence of a clear-cut decrease

in EPSC magnitude rather suggests the involvement of

another co-agonist, most probably glycine, acting on

NMDA-R in the absence of D-serine. Interestingly, it has

recently been reported that glycine could contribute to

NMDA-R-mediated EPSCs only if the slices are pre-trea-

ted with DAAO, i.e., when competition with D-serine to

reach binding sites is eliminated (Fossat et al. 2012), thus

explaining why NMDA-R-mediated EPSCs remain robust

in SR KO mice.

It is worth noting that endogenous D-serine is also found

to modulate extracerebral NMDA-R activation, although it

would be beyond the scope of this review, which focuses

on D-amino acids in the brain, to discuss this in detail.

Briefly, in retinal preparations, D-serine enhances NMDA-

R-mediated calcium increases in ganglion cells (Daniels

and Baldridge 2012), while pre-treatment with DAAO or

D-serine deaminase (DsdA), an enzyme at least three orders

of magnitude more efficient than DAAO in degrading

D-serine, or with the SR inhibitor phenazine ethosulfate,

diminishes the NMDA-R component of light-evoked syn-

aptic responses in these cells (Gustafson et al. 2007;

Stevens et al. 2003, 2010). In the spinal cord, larger

NMDA-R-mediated EPSCs occur in dorsal horn neurons of

mutant mice with a genetic deletion of DAAO (Wake et al.

2001). These results emphasize a major role for D-serine in

the encoding of sensory inputs.

The study of NMDA-R subunit architecture has

increased in complexity these past decades after the dis-

covery of a third component, the GluN3 subunit, distrib-

uted widely throughout the CNS (Ciabarra et al. 1995; Wee

et al. 2008; Wong et al. 2002). This component, which has

been divided into GluN3A and GluN3B subtypes, pos-

sesses specific pharmacological and functional properties,

since GluN1–GluN3 heterodimers require only glycine but

not glutamate for activation (see Low and Wee 2010 for a

review). In oocytes, D-serine induces only a very weak or

no inward current when GluN1–GluN3A or GluN1–

GluN3B receptors are expressed, but does inhibit the

glycine-evoked currents generated by these receptors

(Williams et al. 1996). On the other hand, functional

GluN1–GluN3 receptors gated both by glycine and by

D-serine have recently been characterized in brain oligo-

dendrocyte-myelin, with the currents evoked being sup-

pressed in GluN3A-deficient mice (Pina-Crespo et al.

2010). Although the impact on brain functionality of these

D-serine-dependent effects on GluN3-containing receptors

remains to be determined, these results emphasize the

multiplicity and the complexity of the modulation exerted

by the amino acid at glutamatergic synapses (Fig. 2).

One of the most fascinating features of many synapses

in the brain is their capacity for functional plasticity. Long-

term potentiation (LTP) and depression (LTD) of neuro-

transmission are long-lasting changes in synaptic strength

that are now widely accepted as leading candidates for

memory storage mechanisms (Adams et al. 2001; Bear and

Malenka 1994; Bliss and Collingridge 1993; Collingridge

and Bliss 1995; Izquierdo and Medina 1995; Kim and
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Linden 2007; Lynch 2004). Both forms of synaptic plas-

ticity are mainly driven by NMDA-R activation and closely

depend on the kinetics of calcium influx through the

receptor, which modifies the phosphorylation rate and

density of non-NMDA (AMPA/kainate) glutamate recep-

tors at active synapses (Luscher et al. 2000; Martin et al.

2000). Considering that D-serine is critical for NMDA-R

activation, it is easy to speculate that the amino acid sig-

nificantly contributes to the capacity of neuronal networks

to express long-lasting functional plasticity. Accordingly,

LTP is impaired in hippocampal neuronal cultures con-

taining only traces of D-serine, an impairment overcome by

adding the amino acid to the external medium (Yang et al.

2003). Similarly, pre-treatment with DAAO prevents LTP

induction in hippocampal neuronal–glial co-cultures and

slices (Henneberger et al. 2010; Mothet et al. 2006; Yang

et al. 2003) (Fig. 3) as well as in slices of the medial

prefrontal cortex (Fossat et al. 2012) and hypothalamic

supraoptic nucleus (Panatier et al. 2006). In addition, LTP

is greater in hippocampal slices from mice with a deletion

of the DAAO gene (Maekawa et al. 2005). On the other

hand, impaired LTP expression occurs in SR KO mice,

despite the robust NMDA-R-dependent EPSCs displayed

by these animals, as well as in animals with conditional

null mutations of SR in neurons (Basu et al. 2009;

\Benneyworth et al. 2012). Finally, there is now compelling

evidence that the age-related impairment of LTP is mainly

due to the weaker activation of NMDA-R by D-serine, as

levels of the co-agonist decrease dramatically with age

without compensation by glycine (Haxaire et al. 2012;

Junjaud et al. 2006; Mothet et al. 2006; Potier et al. 2010).

All these results indicate that D-serine occupancy of

Fig. 2 Schematic

representation illustrating

possible mechanisms involved

in the modulation of

neurotransmission and synaptic

plasticity (LTP or LTD) by

D-serine at glutamatergic

synapses. Receptor activation

may be positively or negatively

regulated depending on the class

of glutamate receptor concerned

(ionotropic NMDA or non-

NMDA receptors or the

glutamate-like receptor delta 2),

suggesting a complex regulation

of synaptic strength by the

amino acid. In addition, D-serine

could also indirectly control fast

neurotransmission by the

activation of inhibitory type A

glycinergic receptors

Fig. 3 D-Serine is required for the expression of synaptic plasticity at

hippocampal CA3-CA1 synapses. a Time-course of theta-burst-

stimulation-induced LTP in control slices (open circles), in slices pre-

treated with the D-serine degrading enzyme D-amino acid oxidase

(DAAO) (open squares) and in slices pre-treated with DAAO and

supplemented with D-serine (filled squares). Insets are superimposed

traces of field excitatory postsynaptic potentials (fEPSPs) recorded in

slices of each category before (1) and 60 min after (2) the

conditioning stimulation. b Bar graph indicating the mean potenti-

ation (±SEM) calculated under each condition or after application of

the competitive NMDA-R antagonist D-AP5 or the glycine-binding

site specific antagonist L689.560, 45–60 min after the stimulation

(***p \ 0.001). Modified from Mothet et al. (2006)
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NMDA-R glycine-binding sites closely controls the

capacity of synaptic strength to be modified and the extent

to which it is modified, in the long term. Accordingly,

increasing D-serine levels by supplementing brain tissues

with the amino acid significantly enhances LTP or LTD

magnitude in hippocampal slices (Duffy et al. 2008;

Krasteniakov et al. 2005; Turpin et al. 2011) as well as

LTD levels in visual cortex preparations (Yang et al. 2011).

Despite the fact that the majority of studies concerning

the functional role of D-serine have focused on the regu-

lation of NMDA-R activation, there is now experimental

data indicating that the amino acid could also act on the

AMPA/kainate subtype of receptors to alter fast glutama-

tergic transmission. Indeed, increasing D-serine levels at

glutamatergic synapses of the hippocampal CA1 decreases

AMPA-R-mediated synaptic potentials (Junjaud et al.

2006; Krasteniakov et al. 2004). This effect may be driven

indirectly through the activation of inhibitory strychnine-

sensitive glycinergic receptors (Junjaud et al. 2006) or

through direct competitive antagonism at the glutamatergic

receptor, as demonstrated in acutely isolated hippocampal

neurons (Gong et al. 2007). D-Serine also reduces kainate-

induced calcium responses as well as AMPA-induced

currents in retinal neurons, whereas pre-treatment of the

isolated retina with DAAO significantly increases these

responses (Daniels et al. 2012). However, whether fast

synaptic transmission in the brain is regulated by endoge-

nous D-serine still remains an open question, since pre-

treatment with DAAO does not alter AMPA-R-mediated

synaptic responses in the hippocampus (Mothet et al. 2006;

Yang et al. 2003), the cerebral cortex (Fossat et al. 2012) or

the hypothalamic supraoptic nucleus (Panatier et al. 2006),

and the conditional disruption of SR does not affect the

amplitude of AMPA-R-mediated mEPSCs (Benneyworth

et al. 2012). However, one must keep in mind that (Ha-

shimoto and Chiba 2004) have shown that even a single

systemic injection of D-serine results in a rapid and massive

increase in brain levels of the amino acid, suggesting that a

treatment using this procedure could impact fast neuro-

transmission in the CNS.

In addition to the modulation of the classic ionotropic

AMPA and NMDA receptors, D-serine also regulates the

activity of the glutamate-like receptor delta 2 (GluRd2), a

receptor that does not form functional homomeric gluta-

mate-gated ion channels in transfected cells (Hansen et al.

2009; Naur et al. 2007). Interestingly, GluRd2 receptors are

selectively localized on the dendritic spines of cerebellar

Purkinje cells and are expressed at high levels during the

first few postnatal weeks (Kashiwabuchi et al. 1995), the

same period in which Bergmann glial cells of the cere-

bellar cortex are particularly enriched in D-serine due to

the weak expression of DAAO (Hashimoto et al. 1993b,

1995a, b). The fact that D-serine binding alters currents in

GluRd2-receptors containing the lurcher mutation by a

mechanism that resembles desensitization at AMPA/kai-

nate receptors (Hansen et al. 2009), and that the genetic

deletion or naturally occurring mutations of GluRd2 genes

affect cerebellar LTD (Kakegawa et al. 2011; Kashiw-

abuchi et al. 1995), strongly suggest that the binding of

D-serine to GluRd2 receptors could be a route by which the

amino acid regulates functional plasticity in the developing

cerebellum.

D-Aspartate: another endogenous neuromodulator

of glutamatergic synapses in the brain?

Among the other D-amino acids identified in the brain, such

as D-alanine, D-leucine, D-proline and D-glutamate (Hamase

et al. 1997; Han et al. 2011; Morikawa et al. 2003),

D-aspartate has received significant attention due to its

abundant expression during the embryonic phases of brain

development (see Errico et al. 2009 for a review). However,

although a major function of this amino acid in endocrine

systems is now well established (D’Aniello 2007; Huang

et al. 2006), its role in modulating brain activity postnatally

remains unclear because of its very low levels in adults

(Hashimoto et al. 1993a; Sakai et al. 1998; Wolosker et al.

2000). Indeed, as is seen with the correlation between the

decrease in D-serine levels and the higher expression of

DAAO in the cerebellum after birth (Hashimoto et al.

1995a, b), the postnatal disappearance of D-aspartate from

the brain coincides with the onset of the activity of

D-aspartate oxidase (DAOX), the sole enzyme determined

so far to control D-aspartate levels (Boselli et al. 2007; Negri

et al. 1987; Pollegioni et al. 2007). Nevertheless, the pos-

sibility that D-aspartate is released in a calcium-dependent

manner at the synapse from neurons and astrocytes

(Waagepetersen et al. 2001) suggests a putative role for the

amino acid in synaptic communication within neuronal

networks (D’Aniello et al. 2011). In favour of this

hypothesis, D-aspartate binds NMDA-R at the glutamate-

binding site (Fagg and Matus 1984; Foster and Fagg 1987;

Olverman et al. 1988) and triggers inward currents in hip-

pocampal CA1 pyramidal neurons and striatal neurons from

juvenile animals (Errico et al. 2008a, b, 2011b), confirming

that the amino acid might interfere with NMDA-R-depen-

dent signalling (Fig. 4a). Interestingly, it should be noted

that D-aspartate elicits a detectable current even after the

complete antagonization of NMDA-R (Fig. 4a), indicating

that the amino acid activates calcium-dependent NMDA-

R-independent responses, the origin of which remains to be

characterized (Errico et al. 2011a, b, c).

The role of D-aspartate has recently been better esti-

mated by studying the effects of abnormally elevated levels

of the amino acid. The targeted deletion of the DAOX gene
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induces a large increase in the amount of D-aspartate and its

derivative NMDA in almost all parts of the brain (Errico

et al. 2008a, b, 2011b, c). Under these conditions, NMDA-

R activation is speculated to be greater because of a

significant enhancement in the levels of phosphorylated

calcium calmodulin kinase II, a major target of NMDA-R-

dependent inward calcium currents (Errico et al. 2011c). In

contrast, fast glutamatergic neurotransmission mediated by

AMPA/kainate receptors remains unaffected (Errico et al.

2008a). The increase in NMDA-R activity does not reflect

a change in receptor density since the expression of GluN1

and GluN2 subunits is not modified in DAOX null animals

(Errico et al. 2008a, 2009, 2011a, b, c). As for NMDA-R-

dependent synaptic plasticity, the chronic elevation of

D-aspartate levels in animals increases theta-burst-induced

LTP while the induction of LTD and of depotentiation, a

process that clears the way for synaptic activity leading to

new cognitive acquisition, are altered in both the hippo-

campus and the striatum (Errico et al. 2008a, b, 2011a, c).

Interestingly, a similar pattern of changes in the expression

of LTP and depotentiation is reported after the chronic

elevation of D-aspartate levels by oral administration of the

amino acid (Fig. 4b). However, it is worth noting that if the

magnitude of LTP is increased after a 3-month chronic

treatment with D-aspartate, it is decreased after a 12-month

treatment (Errico et al. 2011b). In the same way, LTP is

higher in young DAOX mutant mice when compared to

controls but is weaker in older mutants than controls of the

same age (Errico et al. 2011c). Taken together, these

results reveal that D-aspartate is a putative endogenous

neuromodulator that exacerbates glutamatergic synaptic

potentiation (D’Aniello et al. 2011) and, as pointed out by

(Errico et al. 2011c), ‘‘unveil a role of DAOX in preventing

aberrant NMDA-R stimulation by strictly controlling

D-aspartate central levels at low concentrations’’. On the

other hand, this potentiatory effect suggests that D-aspartate

might be a relevant tool to alleviate brain defects due to

NMDA-R hypofunction. Accordingly, it has recently been

found that increasing D-aspartate levels rescue age-related

LTP impairment (Errico et al. 2011b), might attenuate

some pharmacologically induced schizophrenia-like

symptoms (Errico et al. 2008b) and prevent L-DOPA-

induced dyskinesia (Errico et al. 2011a).

Concluding remarks

There is no doubt that our knowledge regarding the pres-

ence of D-amino acids in higher species and their interac-

tions with brain function have markedly increased during

the last few decades (Fuchs et al. 2005). However, it is also

clear that much still remains to be unravelled. In particular,

attempting to understand the mechanisms involved in the

synaptic turnover of these amino acids is like glimpsing

them through a looking glass. For example, D-serine was

initially thought to be derived from astrocytes and was

therefore considered to be a typical gliotransmitter required

for the expression of synaptic plasticity (Fossat et al. 2012;

Henneberger et al. 2010; Panatier et al. 2006; Yang et al.

2003). However, the fact that neurons have recently been

found to synthesize and release D-serine upon depolariza-

tion (Kartvelishvily et al. 2006; Rosenberg et al. 2010)

while LTP is abolished after the deletion of the serine

racemase gene in neurons but not in astrocytes (Benney-

worth et al. 2012) indicates that the mechanisms underlying

D-serine-dependent synaptic plasticity are more sophisti-

cated than previously assumed. In this line of reasoning, an

elegant hypothesis of a D-serine shuttle between neurons

and astrocytes has recently been proposed, suggesting that

both cellular components are necessary partners in the

action of the amino acid (Wolosker 2011). Also, mecha-

nisms contributing to D-serine and D-aspartate release in

the synaptic cleft, including vesicular calcium-dependent

Fig. 4 D-Aspartate gates NMDA-R at glutamatergic synapses.

a Effects of increasing concentrations of the competitive NMDA-R

antagonist D-amino-5-phosphonovalerate (D-AP5) or of the non-

competitive antagonist MK801 on inward currents induced in CA1

pyramidal neurons by the local application of D-aspartate. Note that

the current is not completely abolished, indicating the involvement of

NMDA-R-independent mechanisms. b Comparison of the time-

course of NMDA-R-mediated LTP and depotentiation induced in

slices from control mice (grey circles) and from D-aspartate -treated

mice (black circles). Modified from (Errico et al. 2008a)
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exocytosis, non-vesicular outflow and transporter-mediated

hetero-exchange, as well as routes responsible for their

elimination from synapses, need to be clarified to better

understand the role of D-serine and D-aspartate in neuro-

transmission dynamics. Considering that the dysregulated

turnover of these amino acids is thought to play a patho-

logical role in aging, schizophrenia and acute and chronic

neurodegeneration (Billard 2008; Fuchs et al. 2005;

Wolosker et al. 2008), these are all important issues.
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