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Abstract
Two discoveries have put D-serine in the spotlight of neuroscience. First, D-serine was detected in
brain tissue at high levels. Second, it was found to act on the N-methyl-D-aspartate receptor
(NMDAR). This receptor is central to use-dependent synaptic plasticity, the cellular process which
is widely believed to underlie learning. The ensuing quest for the mechanisms of D-serine
synthesis, release and clearance, as well as for its physiological significance has provided a wealth
of experimental evidence implicating D-serine in synaptic plasticity. However some key questions
remain unanswered. Which cells release D-serine and upon what stimuli? Is D-serine supply
dynamically regulated? What is the fate of released D-serine? Answering these questions appears
to be an essential step in our understanding of how NMDARs trigger synaptic plasticity and
learning. This review will highlight some recent advances and avenues of enquiry in dynamic D-
serine signaling in the mammalian brain with emphasis on neurophysiology.
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1. Introduction
Enantiomers of the ubiquitous L-amino acids were widely believed to play little role in the
neurophysiology of higher mammals until high concentrations of D-serine were detected
unexpectedly in the brain (Hashimoto et al., 1992). This prompted urgent reevaluation of the
earlier observations of excitatory actions of exogenous D-serine (Curtis et al., 1961) and
studies suggesting D-serine binding to NMDARs (Danysz et al., 1990). Taken together, these
early data seemed to indicate that, by binding to the NMDAR co-agonist site, endogenous D-
serine could support NMDAR-dependent synaptic plasticity, a common type of use-
dependent changes in synaptic connections thought to represent a cellular mechanism of
learning. D-serine could therefore play the role previously attributed to the NMDAR co-
agonist glycine (Johnson and Ascher, 1987) which gave the original name to the NMDAR
co-agonist site.

In addition to the co-agonist action, the opening of the NMDAR ion channel in situ
classically requires the binding of its “main” ligand, the excitatory neurotransmitter
glutamate (released mainly by presynaptic terminals) as well as depolarization of the host
cell to remove the Mg2+ block. In contrast to many other receptors in the brain the NMDAR
therefore integrates three potentially independent signals each of which could thus gate
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receptor function. For instance, changes of co-agonist concentrations in space or time could
dynamically determine whether NMDAR activation upon coinciding presynaptic glutamate
release and cell depolarization will occur at a synapse and whether that synapse will undergo
plastic changes.

2. Structure
D-Serine ((R)-2-amino-3-hydroxypropanoic acid, C3H7NO3, CAS Registry Number
312-84-5) is the enantiomer of the ubiquitous neutral amino acid L-serine (Fig. 1A). The
water soluble amino acid has an isoelectric point of 5.68 suggesting that it might in principle
interact with electric fields detected in the microenvironment of excitatory synapses
(Sylantyev et al., 2008).

3. Expression, activation and turnover
D-Serine is particularly abundant in the cerebral cortex, hippocampus, anterior olfactory
nucleus, olfactory tubercle and amygdala (Schell et al., 1995). Its distribution in the rodent
brain mirrors the expression of NMDARs, as one might expect for an NMDAR co-agonist,
during development and in the adult animal (Schell et al., 1995; Schell, 2004). On a
microscopic scale, D-serine has been predominantly localized to astrocytes (Schell et al.,
1995), a non-neuronal glial cell type, and, within astrocytes, to the secretory vesicles
(Mothet et al., 2005) suggesting that astrocytes are a primary source of endogenous D-serine.
In this case, astrocytes would need to either accumulate D-serine or synthesize it through
racemization of L-serine (Fig. 1). However, amino acid racemases were thought to be
present in bacteria and insects only, until a specific serine racemase (SR) was identified in
the brain (Wolosker et al., 1999). Indeed, the levels of D-serine, but not other amino acids,
decrease in the cortex and hippocampus when SR is genetically deleted (Horio et al., 2011).
Furthermore, SR expression not only followed the distribution of D-serine across brain
regions but also featured prominently in astrocytes (Wolosker et al., 1999). The exact
cellular expression pattern has remained controversial, however, as more recent studies have
indicated that SR could also be expressed in both neurons and astrocytes (Kartvelishvily et
al., 2006) or even predominantly in neurons as demonstrated by immunohistochemistry
using antibodies against SR tested in SR-knockout mice (Miya et al., 2008). Although one
could probably attribute the conflicting results to different antibodies used to localize SR or
to identify neurons and astrocytes, a tempting alternative explanation could be the active
(e.g. circadian) regulation of SR expression and distribution. Furthermore, both neurons and
astrocytes may have to be considered as the site of synthesis of D-serine because differential
regulation of SR activity – for instance, by metabotropic glutamate receptors in glia
(Mustafa et al., 2009) – might shift the relative contributions of neurons and glia irrespective
of SR expression. Interestingly, SR also mediates the conversion of L-serine into pyruvate,
and its activity depends on the presence of metabolites, ATP and Mg2+ thus relating SR not
only to NMDAR function but also to energy metabolism (De Miranda et al., 2002;
Wolosker, 2011). It is therefore conceivable that changes of astrocytes metabolism, substrate
availability or of the aforementioned glutamate signaling could translate into rapid changes
of D-serine production.

In order to bind to the NMDAR co-agonist site D-serine has to be present in the extracellular
space. Early studies demonstrated that activation of glutamate receptors in cultured glial
cells or increasing Ca2+ concentrations in glia using Ca2+-ionophores could deplete
intracellular while increasing extracellular D-serine levels (Schell et al., 1995; Cook et al.,
2002; Mothet et al., 2005). Conversely, disrupting Ca2+ signaling inside astrocytes reduces
D-serine release from astrocytes in culture and in organized hippocampal tissue (Mothet et
al., 2005; Henneberger et al., 2010), which is consistent with Ca2+-mediated vesicular
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exocytosis of D-serine (see Henneberger and Rusakov, 2010 for a recent survey). D-serine
release can also be suppressed by inhibiting the vesicular proton pump that generates the
proton gradient essential for loading secretory vesicles (Mothet et al., 2005) or by tetanus
toxin (Mothet et al., 2005; Henneberger et al., 2010). Conversely, the expression of a
dominant negative SNARE protein in astrocytes impairs NMDAR function, which can be
restored by exogenous D-serine (Fellin et al., 2009). Together these studies provide
compelling evidence that astrocytes can release D-serine (Fig. 1B), most likely in a vesicular,
Ca2+-dependent manner. Because the underlying mechanisms may not always be detectable
as the classical Ca2+ store-mediated global astrocyte Ca2+ waves (Agulhon et al., 2010), it
would seem important to focus on the microscopic Ca2+ signals in thin astrocyte protrusions
(Di Castro et al., 2011) which could potentially involve a variety of local Ca2+ sources.

Extracellular D-serine is taken up by neutral amino acid transporters in a manner which is
either sodium-dependent (ASCT-like, Ribeiro et al., 2002) or sodium-independent (e.g.
Asc-1, Rutter et al., 2007). An important implication of the former is that activity-dependent
increases of intracellular sodium may reduce transporter efficiency and thereby increase
extracellular D-serine levels independently of vesicular D-serine release. Finally, degradation
of D-serine is accomplished by either SR itself or by the D-amino oxidase (Schell, 2004;
Wolosker, 2011) the latter providing an important tool for the investigation of D-serine
signaling in the brain (Mothet et al., 2000; Panatier et al., 2006).

4. Biological function
As a candidate endogenous co-agonist of NMDARs, D-serine has attracted increasing
attention in its possible role as a gate for NMDAR-dependent synaptic plasticity. An
important challenge has been to unequivocally demonstrate that a potential co-agonist like D-
serine is an endogenous NMDAR co-agonist in situ. A first major breakthrough was the
successful use of the D-amino oxidase (DAAO) to degrade endogenously produced D-serine
(Mothet et al., 2000). When D-serine levels were reduced with DAAO, NMDA-currents and
spontaneous NMDAR-dependent synaptic transmission in cultured hippocampal neurons
were diminished whereas subsequent application of D-serine restored NMDAR function
(Mothet et al., 2000). Together with the pre-dominant localization of D-serine in astrocytes,
this observation predicted that NMDAR-dependent plasticity should depend on astrocytes.
Indeed, a particularly well-studied form of NMDAR-dependent plasticity, long-term
potentiation (LTP), turned out to depend on the presence of astrocytes in culture (Yang et
al., 2003) implying that astrocyte coverage of neurons could determine if neuronal
NMDAR-dependent LTP can occur.

This hypothesis was subsequently tested in the hypothalamic nucleus where astrocyte
processes physiologically retract from neurons with the onset of lactation. Strikingly, with
lactation the NMDAR-dependent synaptic transmission dropped and LTP virtually
disappeared (Panatier et al., 2006). This phenotype was fully reversible when D-serine levels
were exogenously restored. Conversely, lowering D-serine levels with DAAO in virgin rats
mimicked the effects of lactation on NMDAR function and LTP (Panatier et al., 2006).
These results indicated that the spatial relationship between astrocyte processes and the
target NMDARs could be critical for NMDAR function. However, it is not known whether
astrocytes release D-serine at specialized release zones and, if so, where such zones are
located. Astrocytes could in principle deliver D-serine to distinct populations of NMDARs
(e.g. synaptic, extrasynaptic) characterized by different subunit compositions and with
variable affinity to co-agonists (Fig. 1B). Since these NMDAR populations may potentially
trigger different forms of plasticity (Liu et al., 2004) selective astrocyte supply of D-serine
may support varying types of plasticity. This scenario would require astrocytes to release D-
serine locally as opposed to setting a global D-serine ‘tone’. At first glance, the latter could
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be expected from astrocytes that are inter-connected via gap junctions allowing intracellular
signals, such as release triggering Ca2+ transients, to propagate from cell to cell. However,
hippocampal astrocytes in brain slices retain the ability to control LTP within or near their
individual territories involving Ca2+-dependent, possibly vesicular D-serine release
(Henneberger et al., 2010). This implies that astrocytes are at least capable of regulating
local D-serine supply and might indeed be able to deliver D-serine to specific NMDAR
populations. These astrocytes also require SR activity to support NMDAR function and are
likely to store D-serine in vesicles (Henneberger et al., 2010) in line with earlier studies in
culture (Mothet et al., 2005).

In summary, experimental evidence indicates that the D-serine produced by SR, stored and
released from astrocytes acts on neuronal NMDARs and is thus capable of modulating
NMDAR-dependent synaptic plasticity (Mothet et al., 2000, 2005; Yang et al., 2003;
Panatier et al., 2006; Henneberger et al., 2010). Nonetheless, a recurring observation is that
experimental approaches designed to suppress endogenous D-serine supply do not
necessarily inhibit NMDAR function completely. One possible explanation in the case of
DAAO (Mothet et al., 2000; Panatier et al., 2006) is that enzymatic degradation is
incomplete, or that the enzyme does not fully penetrate the preparation or is outcompeted by
D-serine release. Yet, even when astrocytes are metabolically poisoned, are not present in
culture or have their release mechanism suppressed the NMDAR-dependent synaptic
transmission is far from abolished (Yang et al., 2003; Fellin et al., 2009; Henneberger et al.,
2010). This observation indicates that either other cells types, most notably neurons, provide
NMDAR co-agonist(s) too or the classic co-agonist glycine (or another yet unknown co-
agonist) supports the residual NMDAR function. Since the levels of D-serine vary across
brain regions (Schell, 2004) it appears likely that the relative contribution of different co-
agonists to NMDAR activation is heterogeneous throughout the brain.

An important pre-requisite for the NMDAR sensitivity to its co-agonist supply is the non-
saturation of the NMDAR co-agonist binding site in situ in baseline conditions (Panatier et
al., 2006; Li et al., 2009; Henneberger et al., 2010): this should enable changes of
extracellular (local) co-agonist concentrations to have an immediate impact on NMDAR
function. In that case, the balance between co-agonist supply by different mechanisms and
from different cellular sources and the co-agonist clearance mechanisms will ultimately
determine the availability of NMDARs for activation.

5. Potential implications for neurological conditions
It is conceivable that D-serine signaling could be involved in brain disorders in which
NMDARs contributes to the pathophysiology, such as stroke. Here, an indirect reduction of
NMDAR-mediated excitotoxicity through modified D-serine supply may in principle suggest
new therapeutic avenues. It is encouraging in that respect that SR deletion was recently
reported to reduce tissue damage in a mouse stroke model (Mustafa et al., 2010). However,
increasing D-serine levels might on the other hand help to overcome cognitive impairments
related to the dysfunction of NMDAR signaling. Promising early studies showed that D-
cycloserine, a partial agonist at the NMDAR co-agonist site, can improve spatial learning in
rats (Monahan et al., 1989). Therapeutic approaches targeting D-serine signaling will
therefore have to strike the balance between preventing NMDAR-dependent damage and
avoiding cognitive impairment.
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Fig. 1.
cellular pathways of D-serine in brain tissue at a single glutamatergic synapse. (A) L-Serine is
metabolized by the serine racemase (SR) and either broken down into pyruvate and
ammonia or converted into D-serine. (B) Serine racemase containing glial cells, specifically
astrocytes, contain high concentrations of D-serine (green) and their processes closely
enwrap synapses. Ca2+ elevations in astrocytes are potent triggers of vesicular release of D-
serine into the extracellular space. Released D-serine can act on synaptic and potentially also
on extrasynaptic and presynaptic NMDARs. Removal of D-serine (solid green arrows) from
the extracellular space is mediated by neutral amino acid transporters (ASCT, Asc-1 and
similar), which may contribute to D-serine release as well by reversal uptake. Neurons
express serine racemase too and could therefore represent an alternative cellular source of D-
serine. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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