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The gliotransmitter D-serine is released upon (S)-�-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid�kainate and metabotropic glu-
tamate receptor stimulation, but the mechanisms involved are
unknown. Here, by using a highly sensitive bioassay to continu-
ously monitor extracellular D-serine levels, we have investigated
the pathways used in its release. We reveal that D-serine release is
inhibited by removal of extracellular calcium and augmented by
increasing extracellular calcium or after treatment with the Ca2�

ionophore A23187. Furthermore, release of the amino acid is
considerably reduced after depletion of thapsigargin-sensitive
intracellular Ca2� stores or chelation of intracellular Ca2� with
1,2-bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetate–acetoxy-
methyl ester. Interestingly, D-serine release also was markedly
reduced by concanamycin A, a vacuolar-type H�-ATPase inhibitor,
indicating a role for the vesicular proton gradient in the transmitter
storage�release. In addition, agonist-evoked D-serine release was
sensitive to tetanus neurotoxin. Finally, immunocytochemical and
sucrose density gradient analysis revealed that a large fraction of
D-serine colocalized with synaptobrevin�VAMP2, suggesting that it
is stored in VAMP2-bearing vesicles. In summary, our study reveals
the cellular mechanisms subserving D-serine release and highlights
the importance of the glial cell exocytotic pathway in influencing
CNS levels of extracellular D-serine.

glia � synaptobrevin � D-amino acid � vesicles � tetanus neurotoxin

Astrocytes play pivotal roles in synaptic transmission by
controlling transmitter diffusion and concentration in the

extracellular space (1) and also by back-signaling to neurons
directly through the release of neuroactive substances (2).
Although glutamate and ATP are the most recognized chemical
transmitters that mediate astrocyte–neuron signaling (2), other
cell–cell mediators also are involved in this pathway. D-Serine
has recently been identified as a major gliotransmitter in the
central nervous system that serves as an endogenous ligand for
the glycine site of NMDA receptors (3–6).

However, many aspects regarding D-serine release still need to
be addressed. Although it has been suggested that astrocytes may
release D-serine, through the reverse operation of a sodium-
dependent transporter (7), the precise molecular mechanisms
underlying D-serine release are currently unknown. To unravel
the functional consequences of D-serine-mediated astrocyte-to-
neuron signaling, it is essential to shed light on the mechanisms
controlling the gliotransmitter storage and release pathways.

For this purpose, we have devised a previously undescribed
bioassay to continuously monitor the release of D-serine from
cultured glial cells. In this work, we show that astrocytes and C6
glioma cells synthesize and contain a large amount of D-serine
that can be released upon glutamate receptor (GluR) stimula-
tion. Moreover, our observations demonstrate that D-serine
release, evoked by glutamatergic agonists, is linked to a [Ca2�]i

increase, because efflux of the transmitter is altered by manip-
ulations of intracellular and extracellular calcium ion concen-
trations. Furthermore, treatment of primary astrocytes or glioma
cells with tetanus neurotoxin (TeNT), which selectively cleaves
the vesicle-associated SNARE proteins VAMP2 and VAMP3
(8, 9), or with concanamycin A, a compound that inhibits the
vacuolar-type H�-ATPase (10), strongly reduced the release of
D-serine. Finally, we demonstrate that a large part of D-serine is
stored in VAMP2-bearing vesicles, as revealed by sucrose-
gradient analysis and confocal microscopy. We thus provide, to
our knowledge, the first evidence for vesicular storage and
Ca2�-dependent exocytotic release of D-serine from glial cells.

Materials and Methods
Cell Culture. Cultured astrocytes were prepared from cerebral
cortex of 1- to 3-day-old postnatal rats, as described in ref. 11,
and used after 1–3 weeks in culture. Rat glioma C6 cells were
purchased from American Type Culture Collection and cultured
in DMEM�Nut mix F-12 (Invitrogen) supplemented with 2 mM
glutamine and 10% FCS. Cells were grown at 37°C in a 5% CO2
incubator.

Bioassay for D-Serine Release. D-Serine levels were detected by
using an enzymatic assay (12) (Fig. 1A). After the addition of
D-amino acid oxidase (DAAO) and horseradish peroxidase
(HRP)�luminol to astrocytes bathed in saline solution, any
detectable levels of D-serine released in the medium were
visualized by an emission of light. For this bioassay, DAAO
purified from the yeast Rhodotorula gracilis (RgDAAO) was
used. RgDAAO displays peculiar features in comparison with
mammalian enzyme, such as the tight binding of the coenzyme
FAD (Kd � 2.0 � 10�8 M), a strict stereospecificity for d-amino
acids, and a significant higher catalytic efficiency for its sub-
strates (13). Recombinant wild-type and mutant Arg-2853 Ala
RgDAAOs were expressed and purified from Escherichia coli
cells by using the pT7-DAAO expression system in
BL21(DE3)pLysS cells (14). The mutant enzyme shows a resid-
ual activity of �0.1% of that determined for the wild-type
DAAO (general properties of Arg-285 3 Ala RgDAAO are
described in ref. 15). The presence of the HRP and luminol does
not affect the activity of the RgDAAO (see Fig. 7, which is
published as supporting information on the PNAS web site).
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Experiments were performed at room temperature (22–26°C)
by using a laboratory-made photon counter. The photons emit-
ted during the bioassay were detected by an ultra-low-noise
photomultiplier tube (R464SS, Hamamatsu Photonics,
Hamamatsu City, Japan; dark counts, 0.5 cps) running at 800 V.
The luminol-derived signal was analyzed offline by using ORIGIN
7.0 software (Microcal Software, Northampton, MA). Emitted
photons were counted on a 32-ms-interval time period. Fig. 1B
represents two spectra obtained with 40 pM and 50 nM D-serine.
Each drug used in the present study was checked for potential
interference with the D-serine assay.

Levels of D-serine released by cells were calibrated with fixed
amounts of D-serine that were added at the end of each test. The
area of the spectra represents the quantity of D-serine release;
scales on ordinate were defined by the number of indicated
photons per 5-s integration period. Total content of D-serine in
cells was determined by using the chemiluminescence assay in
offline mode after free amino acids were extracted with ice-cold
5% trichloroacetic acid, as described in refs. 4 and 12.

Subcellular Fractionation. Glial fractions were isolated by ultra-
centrifugation of postnuclear supernatant on continuous sucrose
gradient (0.4–1.2 M). Each fraction was resuspended in dena-
turating sample buffer (pH 6.8) and separated by SDS�PAGE
before gel electrophoresis and immunoblotting. Glutamate lev-
els were measured by using the glutamate dehydrogenase�

NAD� assay (16), and D-serine content was measured by using
the chemiluminescent assay in offline mode.

Protein Electrophoresis and Immunoblotting. Protein extracts resus-
pended in denaturating sample buffer were subjected to SDS�
PAGE (12%) analysis, followed by blotting onto poly(vinylidene
difluoride) membrane. Immunodetection was performed by using
the ECL amplification system (Amersham Pharmacia Biotech)
following the manufacturer’s protocol. Protein content was deter-
mined by the Lowry method using the DC protein Bio-Rad assay.

Immunostaining. Subconfluent cell cultures prepared as described
above were fixed in 4% paraformaldehyde�0.1% glutaraldehyde for
60 min before being treated with blocking solution containing 4%
horse serum and 0.2% Triton X-100 for 1 h at room temperature.
Cultures then were probed with anti-glial fibrillary acidic protein
(1:2,000, DAKO), conjugated anti-D-serine (1:2,000, GEMAC,
Cenon, France), anti-VAMP2 (1:1,000, Synaptic System, Gottin-
gen, Germany), anti-VAMP3 antibody (1:100, Santa Cruz Biotech-
nology), or anti-chromogranin B (CgB) (1:100, courtesy of J.
Meldolesi, San Raffaele Scientific Institute, Milan) overnight at
4°C. After washing to remove excess primary antibodies, the
cultures were incubated for 1 h at room temperature with Alexa
secondary antibodies (Molecular Probes). Cells were imaged by
using an upright laser-scanning confocal microscope (TCS SP2,
Leica, Mannheim, Germany). Controls were performed by antisera
preadsorption with 0.5 mM liquid D-serine-glutaraldehyde conju-
gate or by emitting the primary antibody. Colocalization of D-serine
with different cellular markers was quantified with IMAGEJ software
(http:��rsb.info.nih.gov�ij) by using the colocalization option. Co-
localization analysis was performed on each z-optical section for a
cell, and values from 10–15 different cells from three independent
experiments were used to calculate the colocalization frequencies.

Statistics. All data were expressed as mean � SEM, and n refers
to the number of independent experiments. Statistical differ-
ences were calculated by one-way ANOVA followed by post hoc
Scheffé test using ORIGIN 7.0.

Results
Enzyme-Linked Assay for Monitoring D-Serine Release from Cultured
Cells. Fig. 1C shows the dose-response curves obtained with
standard amounts of D-serine. The assay shows a limit of
sensitivity of 2 pM and a dynamic response over several orders
of magnitude (Fig. 1C). The [D-serine] dependence of the
observed signal follows a classic Michaelis–Menten behavior
(Fig. 1D). Control experiments showed that no light emission
was detected in the absence of any components of the physio-
logical reaction mix or when the wild-type RgDAAO was re-
placed by the catalytic inactive Arg-2853Ala mutant (Fig. 1C).

Glial Cells Synthesize and Release D-Serine upon GluRs Stimulation.
Indirect immunofluorescence confocal microscopy analysis of pri-
mary cultured astrocytes indicated that these cells contain a sig-
nificant amount of D-serine (see Fig. 2A Inset). By using our
bioassay in offline mode, we estimated the astrocyte content of
D-serine to be 142 � 23.0 amol per cell (n � 3). To analyze the
molecular mechanisms of astrocytic D-serine release, we also
pursued our studies on the rat glioma-derived cell line C6, which is
a glial cell strain that expresses most ion channels and receptors
found in primary rat astrocytes, notably the GluRs (17, 18). Indirect
immunofluorescence analysis of these cells clearly shows the pres-
ence of the specific astrocyte marker, glial fibrillary acidic protein
(Fig. 2B Inset). In addition, the C6 cells contain large amount of
D-serine as revealed by indirect immunofluorescence microscopy
(Fig. 2B Inset). The C6 cells content of D-serine was measured at
196 � 17.5 amol per cell (n � 8), a value in agreement with the
levels found in primary astrocytes in the present study and with

Fig. 1. Schematic illustration and standard curves of the D-serine-induced
reaction pathway leading to luminol-derived chemiluminescence (LDCL) with
the RgDAAO�HRP enzymatic system. (A) Recombinant RgDAAO catalyzes the
oxidative deamination of D-serine, producing ammonia, hydroxypyruvate,
and hydrogen peroxide (H2O2). The latter product is used by HRP to oxidize
luminol, thus yielding a photon. The emitted photon then is captured by the
photomultiplier tube. (B) Examples of LDCL spectra induced by D-serine at 40
pM (smaller trace) and 50 nM (larger trace). (C) Dose-response curve for
integrated photons for low and high (Inset) D-serine concentrations obtained
with the active RgDAAO (open circles) or with the inactive mutant (filled
circles). (D) Michaelis–Menten plot of the bioassay. Each point is the mean
(n � 8 independent experiments) of light emission above background light
production.
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previously published values (7, 11). A 24-h time course analysis with
subconfluent astrocytes and C6 glioma cultures showed large
accumulation of D-serine in the extracellular medium from unde-
tectable levels to 2.78 � 0.92 nmol�mg for astrocytes and 2.01 �
0.63 nmol�mg for C6 cells, which presupposes the spontaneous
release of D-serine from glial cells.

We next examined the effect of glutamate (1 mM) application on
D-serine. In astrocytes, glutamate consistently evoked a rapid
release of the gliotransmitter (Fig. 2A), a response also seen in C6
cells (Fig. 2B). Because of possible endogenous interfering sub-
stances released by the responsive cells upon stimulation of GluRs,
two sets of control experiments were performed. First, no photon
emission was observed in experiments performed on astrocytes and
C6 cells in which RgDAAO or HRP was omitted from the reaction
buffer (data not shown). Second, no light was detected when 1 mM
glutamate or 60–90 mM KCl were applied to primary neurons or
the neuroblastoma N18 cell line. Importantly, only primary astro-
cytes and C6 glioma cells expressed the serine racemase enzyme for
D-serine biosynthesis (see Fig. 8, which is published as supporting
information on the PNAS web site); therefore, only these cells
contain significant amounts of the amino acid, further confirming
the specificity of our assay for D-serine.

D-Serine Is Released from Glial Cells in Response to Stimulation of
(S)-�-amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid (AMPA)�
Kainate Receptors (KARs) and Metabotropic GluRs (mGluRs). Given
that C6 cells conserve the properties of cultured astrocytes, we
next verified whether these cells can release D-serine when
challenged with different GluRs agonists. Application of
AMPA, kainic acid, and (1S,3R)-1-aminocyclopentane-1,3-
dicarboxylic acid (t-ACPD), agonists of AMPA�kainate and
mGluRs, respectively, induced a potent and rapid release of
D-serine from C6 cells (Fig. 3A) in a dose-dependent manner
(Fig. 3B); t-ACPD was the least effective. D-Serine release was
evoked by AMPA�KARs and mGluRs activation because it was
occluded by 6-cyano-7-nitroquinoxaline-2,3-dione and (S)-�-
methyl-4-carboxyphenylglycine, two selective blockers for
AMPA�KARs and mGluRs, respectively (Fig. 3 A and C).
Calculated from the standard dose-response curve for D-serine
and the estimated content of D-serine in glioma cells, the actual
fractional release of D-serine by AMPA and kainic acid at 100
�M was �5% of the total cell content, which corresponds to

�6 � 106 molecules of D-serine released per cell. These results
confirmed precedent works (4, 7, 11) showing effectiveness of
GluR agonists on D-serine release from cultured astrocytes.

Because considerable evidence supports that astrocytes re-
lease gliotransmitters in response to elevated internal Ca2�

([Ca2�]i) (19–23), we therefore next analyzed the effect of
agonists on intracellular calcium concentration. Addition of
AMPA and t-ACPD (100 �M each) to cells caused a large
increase in [Ca2�]i (see Fig. 9, which is published as supporting
information on the PNAS web site).

Evoked Release of D-Serine Is Calcium-Dependent. When primary
astrocytes were pharmacologically stimulated with glutamater-
gic agonists in extracellular calcium-free solution or after treat-
ment with 1,2-bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraac-
etate-acetoxymethyl ester, D-serine release was markedly
reduced (Fig. 4 A and B), indicating that the release of D-serine
was Ca2�-dependent. By contrast, an extracellular Ca2� concen-
tration ([Ca2�]o) increase from 2 to 5 mM augmented D-serine
release (Fig. 4 A and B). Consistent with a [Ca2�]o-dependent
release of D-serine, the Ca2� ionophore A23187 by itself trig-
gered the release of the amino acid (Fig. 4 A and B). Because
activation of AMPA�KARs can lead to cell depolarization (24),
and because of the fact that astrocytes display Ca2� currents
typical of low-voltage- and high-voltage-dependent channels
(24–26), we thus asked whether activation of these channels
could contribute to the calcium influx pathway after AMPA�
KARs activation and hence triggers D-serine release. When
astrocytes were treated with Cd2�, a broad-spectrum antagonist
of Ca2� channels, the AMPA-evoked D-serine release was
reduced (Fig. 4B). The existence of both ryanodine-sensitive and
inositol 1,4,5-trisphosphate-sensitive intracellular calcium stores
in glial cells (24, 27) led us to examine their physiological
relevance in triggering D-serine release upon GluRs activation.

Fig. 2. Online detection of D-serine release from glial cells. Indirect immu-
nofluorescence of glial fibrillary acidic protein and D-serine (Left Insets) for
astrocytes (A) and C6 glioma cells (B). (Scale bars: 20 �m.) LDCL spectra of
glutamate (1 mM) evoked D-serine release detected from astrocytes (A Right)
and C6 glioma cells (B Right). The release of D-serine was assayed from 10,000
cells for each condition. Traces represent mean average from four indepen-
dent experiments. (Scales, 4 fmol per 5 and 20 s). Arrows indicate the onset of
glutamate application.

Fig. 3. Non-NMDA glutamatergic agonists induce D-serine release from glial
cells. (A) Traces representing D-serine release elicited by AMPA, kainic acid, or
t-ACPD (upper traces; each at 100 �M) or in the presence of antagonist (lower
traces; scales, 9 fmol per 5 and 20 s). (B) Dose-response curves for kainic
acid-evoked (■ ), AMPA-evoked (E), and t-ACPD-evoked (x) D-serine release.
Values represent mean � SEM (n � 5). (C) Quantitative analysis of the different
pharmacological manipulations on D-serine release evoked by glutamate (1
mM). Values represent percent changes (mean � SEM, n � 4) from controls.
The mean GluRs-evoked LDCL is 128,023 photons for kainic acid, 156,270 for
AMPA, and 84,783 for t-ACPD. ***, P � 0.001, one-way ANOVA with post hoc
Scheffé test.
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Thus, we preincubated astrocytes with the sarco-endoplasmic
reticulum Ca2�-ATPase inhibitor, thapsigargin (10 �M; 20 min),
to deplete the intracellular stores, before a challenge with either
AMPA or t-ACPD. As predicted, thapsigargin greatly reduced
the GluR agonist-evoked D-serine release (Fig. 4 B–D).

All together, these results not only strongly support the
hypothesis that the evoked D-serine release is triggered by
calcium but also show that both extracellular and intracellular
Ca2� sources are necessary for GluRs-evoked D-serine release.

SNARE Proteins Are Required for Ca2�-Dependent D-Serine Release.
Our data reveal the existence of a Ca2�-dependent release of
D-serine from glial cells, suggesting the involvement of a vesic-
ular mechanism. Several proteins of the synaptic vesicle exocy-
totic machinery, including the v-SNAREs VAMP2 and VAMP3,
are expressed in astrocytes (28–30) or in astrocytoma-derived
cell lines (31). Accordingly, immunostaining revealed high levels
of VAMP2 and VAMP3 in primary astrocytes (Fig. 5 A and B),
as well as in C6 cells (data not shown).

In cultured astrocytes, ATP and glutamate release are com-
pletely dependent on the functional integrity of the proteins of
this core complex (16, 19, 21, 23, 32). To provide further insight
into the mechanism of D-serine release, glial cells were incubated
with TeNT, a specific clostridial toxin that blocks the exocytotic
release of neurotransmitters by proteolysis of VAMP2 (8) and
VAMP3 (9). When cells were treated with TeNT (50 nM; 24 h),
the AMPA�t-ACPD-evoked D-serine release was significantly
impaired by 77.1 � 10% (Fig. 5 C and D), when compared with
untreated cells. As expected, Western blotting analysis revealed
that this effect of the clostridial neurotoxin is due to cleavage of
VAMP2 (Fig. 5E) and VAMP3 (data not shown).

Importantly, the effect of TeNT on the release of D-serine was
highly specific, because neither the amplitude and pattern of
t-ACPD�AMPA-induced [Ca2�]i elevations, nor the physiolog-
ical integrity of the glial cells was affected by the neurotoxin (see
Fig. 10, which is published as supporting information on the
PNAS web site).

These observations further favor the hypothesis of a D-serine
release process mediated primarily through vesicle exocytosis.

Concanamycin A Reduces the Release of D-Serine. Vesicular uptake
of neurotransmitters requires a transmembrane electrochemical
proton gradient maintained by a H�-ATPase (32) that is po-
tently and selectively inhibited by concanamycin A or bafilomy-
cin A1 (10). It has been shown that these compounds are
effective in dissipating the electrochemical proton gradient of
acidic organelles in astrocytes and thus in reducing glutamate
(22, 26, 32) or ATP (21) release.

Concanamycin A (1 �M; 1 h) significantly inhibited the
AMPA�t-ACPD-evoked D-serine release (Fig. 5 C and D)
without affecting the agonist-induced Ca2� signal (control mean
dF�F0 � 48.0 � 5.3%; concanamycin A mean dF�F0 � 42.7 �
2.4%; P 	 0.05; n � 6), consistent with impaired storage of
D-serine in secretory organelles caused by concanamycin A.

Subcellular Distribution of D-Serine. Indirect immunofluorescence
confocal microscopy using specific antibodies against D-serine
revealed punctate immunoreactivity (Fig. 6A), prominently lo-
calized in the perinuclear region of the cell. To define the nature
of the D-serine-containing compartment, colocalization with
different known markers of vesicular structures were analyzed.
Small synaptic-like vesicles were detected with antibodies against
VAMP2, whereas secretory granules were identified by the
presence of CgB, a granin present in cultured astrocytes (21, 33).
Immunocytochemical analysis revealed punctuate VAMP2 im-
munoreactivity in both astrocytes and C6 cells, with a high
degree of colocalization with D-serine, particularly in the pe-
rinuclear regions and in the processes (Fig. 6A). Colocalization
was quantified on single z-section images for all astrocytes and
revealed that 42.5 � 15.1% (59.4 � 15.6% for C6 cells) of the

Fig. 4. Ca2�-dependent release of D-serine from astrocytes. (A) LDCL trace
shows D-serine release in response to AMPA (black arrow) in control conditions
(normal calcium), in extracellular calcium-free solution (ECFS) (0 Ca2��2 mM
EGTA), in high Ca2�-containing medium (5 mM), or after intracellular Ca2�

chelation with 1,2-bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetate-
acetoxymethyl ester (5 �M; 1 h). Application of the ionophore A23187 (open
arrowhead; 10 �M) induced a slow and long increase of chemiluminescence.
(Scales: 9 fmol per 5 and 20 s.) (B) Statistical histogram of the different
pharmacological manipulations during AMPA stimulation. (C and D) Effect of
thapsigargin (10 �M; 20 min) on the response induced by t-ACPD (100 �M).
Data are mean � SEM of n � 3 independent experiments. **, P � 0.01; ***, P �
0.001, one-way ANOVA plus Scheffé test.

Fig. 5. Effect of TeNT and vacuolar H�-ATPase inhibition on agonist-evoked
D-serine release. (A and B) Immunofluorescence confocal microscopy analysis
for VAMP2 and cellubrevin. (Scales: 40 �m.) (C) Effect of TeNT (50 nM; 24 h) and
concanamycin A (1 �M; 1 h) on AMPA�t-ACPD-evoked D-serine release. (Scales:
10 fmol per 5 and 20 s). (D) Histogram summarizing the effect of TeNT and
concanamycin A on the cells. Values are mean percent changes (�SEM) from
four or more independent experiments. ***, P � 0.001, one-way ANOVA plus
Scheffé test. (E) Immunoblot analysis of TeNT-treated and control cell extracts
showing that VAMP2 (lower bands) is cleaved by TeNT, whereas �-tubulin
(upper bands) immunoreactivity is not altered by toxin application.
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SNARE protein systematically overlapped with D-serine immu-
nostaining. Accordingly, 33.8 � 14.6% of total cell D-serine in
astrocytes (38.6 � 22.4% for C6 cells) overlapped with VAMP2
immunostaining. Immunolabeling performed with antibodies
against CgB revealed a punctate immunoreactivity throughout
the cell cytoplasm (Fig. 6A). Double immunolabeling performed
by using anti-D-serine and anti-CgB (Fig. 6A) or anti-SgII (data
not shown) revealed a distinct distribution for each protein
(D-serine�CgB overlap: 7.0 � 4.5% in astrocytes and 5.4 � 3.0%
in C6 cells), suggesting that D-serine is not stored in secretory
granules. Taken together, these results strongly support the idea
that a part of the endogenous D-serine is stored in small
synaptic-like vesicles.

To further characterize the intracellular organelles that accu-
mulate D-serine in glial cells, we performed subcellular fraction-
ation on sucrose gradients. Following procedures described in
refs. 21 and 32, the postnuclear supernatant prepared from C6
cells was subjected to a sucrose equilibrium gradient. Aliquots of
each collected fraction were analyzed by immunoblotting using
various protein markers (Fig. 6B) and by quantification of
D-serine content (Fig. 6C). VAMP2 immunoreactivity was
mainly present in intermediate fractions (fractions 8–13; see Fig.
6B, first line), where the synaptic vesicles are known to migrate,

whereas dense-core secretory granules (immunoreactive for
CgB) were mainly present in the bottom fractions (3 to 6; Fig. 6B,
middle line). Under these experimental conditions, VAMP3 was
found in fractions 1–14 with an overall distribution overlapping
VAMP2 and CgB (Fig. 6B, third line). Analysis of the D-serine
content for each fraction revealed a peak of the amino acid in
intermediate fractions 9–12 (Fig. 6C), where immunoreactivity
for VAMP2 is higher. These data also indicate that at least a
portion of D-serine may be packaged in VAMP2-bearing vesi-
cles. A significant amount of D-serine also is observed in lighter
fractions (Fig. 6C), which may represent the cytosolic fraction of
the amino acid. Interestingly, when the fractions were probed for
the presence of glutamate (Fig. 6C), another astrocyte-derived
messenger, the analysis revealed the presence of a glutamate
peak overlapping that of D-serine, thus suggesting that D-serine
and glutamate may be stored partly in the same compartments.
To provide further evidence to the latter hypothesis, we immu-
nostained astrocytes for the vesicular glutamate transporter
subtype 3, which is present in astrocytes (22), and compared its
distribution with that of D-serine. We found that 45.3 � 16.1%
of vesicular glutamate transporter subtype 3 immunoreactivity
overlapped with D-serine staining (see Fig. 11, which is published
as supporting information on the PNAS web site).

Discussion
We show that astrocytes and C6 glioma cells contain high micro-
molar concentrations of D-serine, and part of this pool (�40%) is
vesicular and thus available for receptor-mediated secretion. The
levels of [D-serine]i found here are in accordance with concentra-
tions found in previous studies for this amino acid (11) and also for
other amino acids in astrocytes (34, 35). By using a previously
undescribed highly sensitive bioassay, we demonstrate that GluRs-
induced D-serine release operates by means of a Ca2�-dependent
and SNARE protein-dependent process. Our conclusion is based
on several compelling arguments as follows: (i) disrupting [Ca2�]i
homeostasis affects D-serine release; (ii) inhibiting the vacuolar
H�-ATPase considerably reduces D-serine release, most probably
by affecting its storage in acidic compartments; (iii) treatment with
TeNT markedly reduces D-serine release by cleavage of synapto-
brevins; and (iv) confocal imaging and sucrose gradient analysis
reveal a significant colocalization of D-serine positive compart-
ments with the vesicle marker VAMP2, suggesting that D-serine
may be stored in VAMP2-bearing vesicles.

One of the most striking observations of this study is that
receptor-mediated D-serine release is calcium-dependent (Fig. 4), a
feature also shared by the gliotransmitters glutamate and ATP (19,
21, 32). Our data also indicate that intracellular calcium stores play
an important role in the regulation of D-serine release, because
depletion of these stores greatly affects the AMPA-evoked D-serine
release (Fig. 4) and prevents the effect of t-ACPD on changes in
[Ca2�]i and D-serine release. It will be important to determine the
respective contribution of the inositol 1,4,5-trisphosphate-sensitive
and caffeine�ryanodine-sensitive stores in controlling the Ca2�-
dependent D-serine release. Interestingly, a recent work has shown
that these Ca2� stores are involved in the signaling pathway leading
to glutamate release from glial cells (36). Our data also show that
[Ca2�]o is important in controlling the release of D-serine. Activa-
tion of GluRs may induce a Ca2� influx either sufficient to directly
trigger D-serine release or to depolarize the astrocytes with the
subsequent activation of voltage-gated Ca2� channels expressed in
glial cells (24, 27). Classically, neurotransmitter release from se-
cretory cells is mediated by the opening of voltage-gated Ca2�

channels. Indeed, neuroligand-induced D-serine release was af-
fected in the presence of Cd2�, a Ca2�-channel blocker (Fig. 4). In
addition, we observed that the AMPA�kainate-induced [Ca2�]i
elevation was greatly reduced in extracellular calcium-free solution,
suggesting that part of the Ca2� signal originates from an extracel-
lular source. Calcium ions may permeate through voltage-gated

Fig. 6. Subcellular distribution of D-serine in glial cells. (A) Astrocytes and C6
cells were double-immunolabeled with pairs of antibodies against D-serine
and VAMP2 or D-serine and CgB. A stack of z-section images that cover the
entire depth of the cell is represented. Colocalization analysis for paired
antibodies was performed on one single z-section image as described in
Materials and Methods. The stack image is representative of the staining
obtained for each single z-section. Arrows indicate regions of high colocal-
ization. (Scale bars: 10 �m.) (B) Equilibrium sucrose density gradient analysis
of D-serine storage. The membrane was probed with VAMP2 (top line), CgB
(middle line), and VAMP3 (bottom line) antibodies. Blots are representative of
three independent experiments. (C) Plot of D-serine (E) and glutamate (F)
content in the sucrose gradient fractions. Values are the means of three
independent experiments with duplicate measurements. Sucrose concentra-
tion (Œ) was determined by refractometry. Note the presence of a D-serine
peak overlapping the VAMP2 positive fractions and the glutamate peak.
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Ca2� channels, which have been shown to be present in cultured
astrocytes (24, 27). However, the nature of the subtypes of voltage-
gated Ca2� channels activated after stimulation of astrocytes with
GluRs agonists remains elusive. Another possibility is that a
capacitative Ca2� entry (27) is activated, induced by the depletion
of internal Ca2� stores. It is unlikely that the effects observed with
Cd2� are due to inhibition of the AMPA receptors because they are
not readily permeable to calcium in primary cortical or hippocam-
pal astrocytes (27).

We demonstrate that proteolysis of SNAREs with TeNT signif-
icantly affects the agonist-evoked release of D-serine. After a 24-h
treatment with 50 nM TeNT, we observed an almost complete
cleavage of VAMP2, whereas VAMP3 was less affected. In this
context, it is possible that some vSNAREs are still functional,
permitting exocytosis of vesicular D-serine, which may explain the
residual release of the amino acid we observed after TeNT treat-
ment (Fig. 5). In neurons, the effects of TeNT depend on receptor-
mediated endocytosis of the toxin and the subsequent release of the
active subunit into the cytoplasm (37). Prolonged incubations and
high toxin concentration are required to inhibit glutamate or ATP
release from cultured astrocytes (19, 21, 38). The lack of specific
membrane receptors for TeNT in astrocytes (39) may explain the
long incubations (24 h) that are necessary to accumulate an efficient
intracellular concentration of TeNT to significantly reduce D-serine
release. In this context, the combined conclusions based on our
studies with concanamycin A and TeNT strongly implicate a
vesicular compartment in mediating GluRs-dependent release of
D-serine from astrocytes. Whether a novel vesicular D-serine trans-
porter exists or whether the amino acid is cotranslocated by an
already identified carrier is not yet known. To date, four different
activities have been distinguished for acetylcholine, monoamines,
GABA�glycine, and glutamate. All transporters depend on a
proton electrochemical gradient for active transport, generated by
H�-ATPases that electrogenically pump protons into the vesicle.
The effectiveness of concanamycin A in disrupting the release of

D-serine suggests that the mechanism of vesicular transport for
D-serine shares some bioenergetic features with the other vesicular
transporters. It seems unlikely that D-serine is stored in dense-core
secretory granules as the distribution of the amino acid does not
parallel that of CgB (Fig. 6). By contrast, D-serine colocalized with
the small vesicular marker, VAMP2 and, to a lesser degree,
VAMP3, supporting the idea that the amino acid is stored in
synaptic-like vesicles. However, the two synaptobrevins are also
present in endosomal sorting and recycling systems, which may
represent an alternative vesicular source for D-serine, because these
structures are known to be involved in Ca2�-dependent exocytosis
in both secretory and nonsecretory cells (40).

Although our data support Ca2�-dependent vesicular release
of D-serine from glial cells, it is highly probable that the
TeNT-insensitive releasable pools of D-serine may be under the
control of an alternative storage�release pathway. Indeed, the
large fraction of D-serine present in the cytosol may represent a
source for nonvesicular release through connexin hemichannels
or volume anion channels, as reported for glutamate or ATP (21,
34, 41). A more widespread analysis of factors controlling
D-serine compartmentalization in astrocytes and of the physio-
logical stimuli controlling its release are necessary to define the
conditions leading to its synaptic availability in the active brain.
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