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BACKGROUND AND PURPOSE
Deficient transmission at the glutamate NMDA receptor is considered a key component of the pathophysiology of
schizophrenia. However, the effects of antipsychotic drugs on the release of the endogenous NMDA receptor partial agonist,
D-serine, remain to be clarified.

EXPERIMENTAL APPROACH
We determined the interaction between antipsychotic drugs (clozapine and haloperidol) and transmission-modulating toxins
(tetanus toxin, fluorocitrate, tetrodotoxin) on the release of L-glutamate and D-serine in the medial prefrontal cortex (mPFC)
of freely moving rats, using microdialysis, and primary cultures of astrocytes using extreme high-pressure liquid
chromatography.

KEY RESULTS
Release of L-glutamate and D-serine in the mPFC and in cultured astrocytes was inhibited by tetanus toxin (a synaptobrevin
inhibitor) and fluorocitrate (a glial toxin), whereas tetrodotoxin (a voltage-sensitive Na+ blocker) inhibited
depolarization-induced L-glutamate release in the mPFC without affecting that of D-serine. Clozapine (1 and 5 mg·kg-1), but
not haloperidol (0.5 and 1 mg·kg-1), dose-dependently increased L-glutamate and D-serine release from both astrocytes and
mPFC. Clozapine-induced release of L-glutamate and D-serine was also reduced by tetanus toxin and fluorocitrate.
Tetrodotoxin reduced clozapine-induced mPFC L-glutamate release but not that of D-serine. Clozapine-induced L-glutamate
release preceded clozapine-induced D-serine release. MK-801 (a NMDA receptor antagonist) inhibited the delayed
clozapine-induced L-glutamate release without affecting that of D-serine.

CONCLUSIONS AND IMPLICATIONS
Clozapine predominantly activated glial exocytosis of D-serine, and this clozapine-induced D-serine release subsequently
enhances neuronal L-glutamate release via NMDA receptor activation. The enhanced D-serine associated glial transmission
seems a novel mechanism of action of clozapine but not haloperidol.

Abbreviations
ACSF, artificial cerebrospinal fluid; AMPA, 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid; DMEM, Dulbecco’s
modified Eagle’s medium; HKACSF, 100 mM K+ containing ACSF artificial cerebrospinal fluid; HKMRS, 100 mM K+

containing modified Ringer’s solution; MANOVA, multivariate analysis of variance; mPFC, medial prefrontal cortex;
MRS, modified Ringer’s solution; SNARE, soluble N-ethylmaleimide sensitive factor attachment protein receptors; TTX,
tetrodotoxin; xLC, extreme high-pressure liquid chromatography
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Introduction
There are two major hypotheses on the pathophysiology of
schizophrenia, dopaminergic dysfunction and glutamatergic
hypofunction associated with the glutamate NMDA receptor
(Javitt, 2007; Lieberman et al., 2008; Labrie and Roder, 2010;
receptor nomenclature follows Alexander et al., 2011). The
most compelling link between NMDA receptor function and
schizophrenia is the ability of NMDA receptor antagonists,
for example, phencyclidine and ketamine, to induce
schizophrenia-like positive and negative symptoms in
healthy volunteers (Krystal et al., 1994; Malhotra et al., 1996;
Lieberman et al., 2008) and to exacerbate psychosis in schizo-
phrenia patients (Malhotra et al., 1997). Moreover, NMDA
antagonist-induced psychosis models exhibit certain features
of schizophrenia, such as negative symptoms and cognitive
deficits, more closely than the amphetamine/dopamine psy-
chosis model (Krystal et al., 2003).

Electrophysiological studies have demonstrated that
several atypical antipsychotics (clozapine, olanzapine, risperi-
done and quetiapine), but not haloperidol, preferentially
enhance NMDA receptor-mediated transmission (Arvanov
et al., 1997; Ninan et al., 2003; Kargieman et al., 2007). In
contrast to these electrophysiological studies, in vivo microdi-
alysis studies have demonstrated that zotepine and quetiap-
ine increase extracellular glutamate levels in the medial
prefrontal cortex (mPFC), whereas neither haloperidol, ris-
peridone nor blonanserin have such an effect (Abekawa et al.,
2007; Yamamura et al., 2009a,b; Ohoyama et al., 2011).
Indeed, several clinical studies demonstrated that NMDA
receptor partial agonists, D-cycloserine and D-serine, signifi-
cantly improve primary negative symptoms of schizophrenia
when used as adjuvants to conventional typical and atypical
antipsychotics (Evins et al., 2002; Heresco-Levy et al., 2005;
Shim et al., 2008; Tsai and Lin, 2010). In contrast, such effects
are not observed when D-cycloserine or D-serine are used as
adjuvants to clozapine (Goff et al., 1999; Tsai and Lin, 2010).
These results suggest that clozapine, in comparison with
other antipsychotics, could have different effects on
glutamate-mediated transmission in vivo. Based on these pre-
clinical and clinical studies, we hypothesized that the mecha-
nism of action of clozapine included enhancement of
transmission mediated through D-serine.

L-glutamate and D-serine are chemical transmitters that
mediate astrocyte-neurone signalling (Parpura and Zorec,
2009). D-serine has been identified as a major glial transmitter
in the CNS and serves as an endogenous ligand for the
glycine site of NMDA receptors (Parpura and Zorec, 2009).
Indeed, in vitro experiments using cultured cortical astrocytes
showed Ca2+-dependent and soluble N-ethylmaleimide sensi-
tive factor attachment protein receptors (SNARE)-associated
release of D-serine (Mothet et al., 2005). However, recent
studies demonstrated that D-serine and serine racemases were
present in neurones as well as in astrocytes (Kartvelishvily
et al., 2006), though the serine racemase, which synthesizes
D-serine, is mostly neuronal (Kartvelishvily et al., 2006; Miya
et al., 2008). Furthermore, an early study using microdialysis
failed to demonstrate any depolarization-induced D-serine
release in the mPFC (Hashimoto et al., 1995). Therefore, the
mechanisms underlying release of D-serine remain to be
clarified.

In the present study, we studied the release mechanisms
of L-glutamate and D-serine in the mPFC using in vivo
microdialysis and from astrocytes, using primary cultures of
these cells. Furthermore, to test our hypothesis, whether
clozapine does enhance D-serine release or not, the effects of
clozapine and haloperidol on L-glutamate and D-serine
release in primary cultured astrocytes and in the mPFC of
freely moving rats were assessed using microdialysis with
extreme high-pressure liquid-chromatography (xLC).

Methods

Experimental animals
All animal care and experimental procedures were in accor-
dance with the Ethical Guidelines established by Institutional
Animal Care and Use Committee at Mie University. Male
Sprague-Dawley rats (SLC, Shizuoka, Japan) were housed
under conditions of constant temperature at 22 � 2°C with
12–12 h light-dark cycle.

Primary astrocyte culture
Cortical astrocyte cultures were prepared from neonatal
Sprague-Dawley rats (n = 8) killed by decapitation at 0–24 h of
age and the cerebral hemispheres were removed under the
dissecting microscope. Cortices were placed into a dish con-
taining 10 mL Dulbecco’s modified Eagle’s medium (DMEM,
Sigma) at 4°C. Tissue was chopped until very fine using scissors
and then triturated briefly with a 1 mL micropipette. The
suspension was filtered using 70 mm nylon mesh (BD, Franklin
Lakes, NJ, USA) and centrifuged at 100¥ g for 3 min at 4°C. The
pellet was resuspended in 10 mL DMEM supplemented with
10% fetal calf serum (Invitrogen, Carlsbad, CA, USA). The
suspension was centrifuged at 100¥ g for 3 min at 4°C and the
pellet was resuspended in 12 mL DMEM with 10% fetal calf
serum again. The resuspension step was repeated three times.
The cortical suspensions were plated into a number of 75 cm3

tissue culture flasks equivalent to the number of animals used.
Flasks were kept at 37°C in a CO2 incubator (95% air and 5%
CO2). The medium was replaced with fresh culture medium
(DMEM containing 10% fetal calf serum) after 48 h and sub-
sequently changed every 6 days. After 14 days in vitro (DIV14),
contaminating cells were removed by shaking in a standard
incubator for 16 h at 200 r.p.m. The medium was removed and
discarded, and the flask contents were harvested and reseeded
to yield double the original number of flasks. To study the
effects of synaptobrevin on glial release of L-glutamate and
D-serine, on DIV20, astrocytes were incubated in fresh culture
medium containing tetanus toxin (3 mg·mL-1) for 24 h (pre-
incubation with tetanus toxin). This pre-incubation step was
omitted in other experiments (Murakami et al., 2001; Okada
et al., 2001; Mothet et al., 2005). Astrocytes were removed
from flasks by trypsinization and seeded onto translucent PET
membrane (8 mm) 24-well plates (BD) at a density of
105 cells·cm-2 for experimentation, on DIV21.

The astrocytes were washed three times in artificial cere-
brospinal fluid (ACSF) containing, in mM: NaCl 130, KCl 5.4,
CaCl2 1.8, MgCl2 1, and glucose 5.5, and buffered with
20 mM HEPES buffer to pH 7.3, and were then incubated in
ACSF buffered with 100% O2 for 30 min recovery time at 35°C
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(washing with ACSF). To determine the glial transmitter
release, astrocytes were incubated in 0.1 mL ASCF containing
with or without the following agents: 1 mM tetrodotoxin
(TTX), 1 mM fluorocitrate, 2–200 nM clozapine or 1–100 nM
haloperidol for 60 min (pre-incubation). After the pre-
incubation, the transmitter release studies were carried out in
quadruplicate at 35°C using the discontinuous method (Zhu
et al., 2006). To determine the depolarization-induced glial
transmitter release, astrocytes were incubated in 0.1 mL ASCF
containing 100 mM K+ (HKACSF). The released transmitter
level in each sample (10 min·fraction-1) was measured using
xLC techniques (see below). The detailed study designs are
described in the Results section.

Preparation of microdialysis system
Male Sprague-Dawley rats, weighing 250–300 g (n = 90), were
placed in a stereotaxic frame and kept under 1.8% isoflurane
anaesthesia. Before inserting the microdialysis probe, all rats
used in this study were pretreated with a microinjection of
0.3 mL modified Ringer’s solution (MRS; composition see
below) with or without 1 ng tetanus toxin (Okada et al., 2001;
2005). The concentric I-shaped direct insertion type dialysis
probes (D-I-7-03: 0.2 mm diameter, 2 mm exposed mem-
brane; Eicom, Kyoto, Japan) were implanted in the mPFC
(A = +3.2 mm, L = -0.8 mm, V = -6.0 mm relative to bregma)
(Yamamura et al., 2009b; 2011; Ohoyama et al., 2011).

The perfusion experiments commenced 24 h after recov-
ery from isoflurane anaesthesia (Okada et al., 2001). The per-
fusion rate was set at 1 mL·min-1, using MRS (composition (in
mM): 145 Na+, 2.7 K+, 1.2 Ca2+, 1.0 Mg2+ and 154.4 Cl-, and
buffered with 2 mM phosphate buffer and 1.1 mM Tris buffer
to pH 7.4) (Okada et al., 2001; Yamamura et al., 2009b).

Initially, the perfusate was MRS with or without 1 mM
fluorocitrate, and the extracellular neurotransmitter levels
were measured at least 8 h after starting perfusion (the
microdialysis samples were collected in 20 min intervals).
The coefficients of variation for extracellular levels of each
neurotransmitter became less than 5% over a period of
60 min (stabilization) and control data were then obtained
over another 60 min. To study the sensitivity of L-glutamate
and D-serine to TTX, the perfusate was switched to MRS
containing 1 mM TTX (Okada et al., 2001; 2004). After stabi-
lization, the perfusate was switched to MRS containing
100 mM K+ (HKMRS) with the same agents to study sensitiv-
ity to K+. The ionic compositions of these perfusates were
modified and isotonicity was maintained by an equimolar
change of Na+ (Okada et al., 2001; 2004). To study the effects
of antipsychotic drugs, the rats were given clozapine (1 or
5 mg·kg-1, i.p.) (Kapur et al., 2003) or haloperidol (0.5 or
1 mg·kg-1, i.p.) (Yamamura et al., 2009b). According to Kapur
and colleagues, the dose of clozapine that approximates the
clinically comparable dopamine D2 receptor occupancy is
5–15 mg·kg-1 in a single-dose model (Kapur et al., 2003). Each
dialysate was injected into the xLC apparatus. The detailed
study designs are described in the Results section.

Extreme high–pressure liquid
chromatography (xLC)
The dialysis sample and incubated MRS were filtered with
0.2 mm syringe filters (Millex, Millipore, Billerica, MA, USA)

before analysis. The levels of L-glutamate and D-serine in
dialyzed and incubated MRS were determined by xLC (dual
xLC 3185PU, Jasco, Tokyo, Japan) with fluorescence detection
(xLC3120FP, Jasco) after derivatization with isobutyryl-L-
cysteine and o-phthalaldehyde. Derivatizing reagent solu-
tions were prepared by dissolving isobutyryl-L-cysteine
(2 mg) and o-phthalaldehyde (1 mg) in 0.1 mL ethanol fol-
lowed by the addition of 0.9 mL 0.2 M sodium borate buffer
(pH 9.0). The reagent solutions were filtered with 0.2 mm
syringe filters and prepared freshly every second day and
stored at 4°C when not in use. Automated pre-column deriva-
tization was carried out by drawing up a 5 mL aliquot of
sample, standard or blank solution and 5 mL of derivatizing
reagent solution, and holding in the reaction vials for 5 min
before injection (xLC3059AS, Jasco). Derivatized samples
(5mL) were injected by auto sampler (xLC3059AS, Jasco).

The analytical column (Inertsil ODS-4, particle 2 mm, 50 ¥
2.1 mm, GL Science, Tokyo) was maintained at 45°C and the
flow rate of the mobile phase was set at 500 mL·min-1. A linear
gradient elution program was performed over 10 min with
mobile phase A (0.05 M citrate buffer, pH 5.0) and B (0.05 M
citrate buffer containing 30% acetonitrile and 30% methanol,
pH 3.5). Representative chromatograms of amino acid analy-
sis using xLC with a fluorescence detector (excitation and
emission wavelengths were 345 and 455 nm respectively) are
presented in Figure 1.

Statistical analysis
Values were expressed as mean � SEM. The effects of tetanus
toxin, TTX and fluorocitrate on the release of L-glutamate
and D-serine in the mPFC were compared using repeated
measurements ANOVA with Tukey’s multiple comparison. The
effects of tetanus toxin, TTX and fluorocitrate on area under
curve values of basal and K+-evoked release of L-glutamate
and D-serine in the mPFC were compared using the Student’s
t-test. The effects of tetanus toxin, TTX and fluorocitrate on
K+-evoked release of L-glutamate and D-serine in the mPFC
were compared using multivariate ANOVA (MANOVA) with
Tukey’s multiple comparisons. The effects of tetanus toxin,
TTX and fluorocitrate on the release of L-glutamate and
D-serine from primary cultured astrocytes were also compared
using the Student’s t-test. The concentration-dependent
effects of AMPA and NMDA on release of L-glutamate and
D-serine from primary cultured astrocytes were compared by
one-way ANOVA with Tukey’s multiple comparisons.

The dose-dependent effects of systemic administration of
haloperidol and clozapine on the extracellular levels of
L-glutamate and D-serine were analysed by MANOVA with
Tukey’s multiple comparisons. The effects of tetanus toxin,
TTX and fluorocitrate on antipsychotic-induced release of
L-glutamate and D-serine in the mPFC were compared using
two-way ANOVA or MANOVA with Tukey’s multiple compari-
sons. The effects of perfusion with MK-801 on clozapine-
induced release of L-glutamate and D-serine in the mPFC were
compared using MANOVA with Tukey’s multiple comparisons.
A P value less than 0.05 was considered statistically
significant.

Materials
The atypical antipsychotic drugs, clozapine and haloperidol;
the synaptobrevin inhibitor tetanus toxin; the glial toxin
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fluorocitrate; NMDA and the NMDA receptor inhibitor dizo-
cilpine (MK-801) were all purchased from Sigma (St. Louis,
MO, USA). The voltage-sensitive Na+ channel inhibitor tetro-
dotoxin (TTX) and [2-amino-3-(5-methyl-3-oxo-1,2-oxazol-
4-yl)propanoic acid] (AMPA) were obtained from Wako
Chemicals (Osaka, Japan). Clozapine, haloperidol and
MK-801 were dissolved in MRS or ACSF containing less than
0.1% vol·vol-1 acetic acid. The pH of the final concentrations
was adjusted to 7.0 with phosphate buffer. Tetanus toxin,
fluorocitrate, TTX and AMPA were diluted directly in MRS or
ACSF.

Results

Cultured astrocytes
Effects of TTX, fluorocitrate and tetanus toxin on release of
L-glutamate and D-serine from primary cultures of astrocytes. To
study the synaptobrevin-associated glial release of
L-glutamate and D-serine, on DIV20, astrocytes were incu-
bated in fresh culture medium containing tetanus toxin
(3 mg·mL-1) for 24 h (pre-incubation with tetanus toxin). On
DIV21, after washing with ACSF, the L-glutamate and
D-serine released from astrocytes was determined. During
sample collection, astrocytes were incubated in ACSF. To
study the effects of fluorocitrate and TTX on glial transmitter
release, on DIV21, after washing with ACSF, astrocytes were
incubated in ACSF containing 1 mM fluorocitrate (pre-
incubation with fluorocitrate) or 1 mM TTX (pre-incubation
with TTX) for 60 min before sample collection (Ninan et al.,
2003; Martin et al., 2007). During sample collection, astro-
cytes were incubated in ACSF containing 1 mM fluorocitrate
or 1 mM TTX.

Tetanus toxin (3 mg·mL-1) and fluorocitrate (1 mM), but
not TTX (1 mM), significantly reduced L-glutamate release
from primary cultured astrocytes (P < 0.01, Figure 2A).
Treatment with tetanus toxin (P < 0.05) and fluorocitrate

Figure 1
Typical chromatograms of amino acid analysis using extreme high-
pressure liquid chromatography equipped with a fluorescence detec-
tor. The chromatograms were obtained from 5 mL of a standard
solution containing 50 pmol·5 mL-1 of L-glutamate and D-serine
(black line) and prefrontal perfusate (red line). The quantification
limits for L-glutamate and D-serine were 10 and 25 fmol·5 mL-1

respectively.

Figure 2
Effects of TTX, tetanus toxin and fluorocitrate on basal release of L-glutamate and D-serine of primary cultured astrocytes. Effects of tetanus toxin
(TeNT; 3 mg·mL-1), TTX (1 mM) and fluorocitrate (FLC; 1 mM) on basal release of (A) L-glutamate and (B) D-serine from primary cultured astrocytes.
Data are mean � SEM (n = 6). *P < 0.05, **P < 0.01 significantly different from control, by Student’s t-test.
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(P < 0.01), but not with TTX, also reduced D-serine release
from primary cultured astrocytes (Figure 2B).

Effects of TTX, fluorocitrate and tetanus toxin on stimulation-
induced release of L-glutamate and D-serine from primary cultured
astrocytes. To study the K+-evoked release of L-glutamate and
D-serine from glia, after the pre-incubation with ACSF, astro-
cytes were incubated in 100 mM K+ containing ACSF
(HKACSF). The K+-evoked stimulation did not affect the
release of L-glutamate and D-serine from primary cultured
astrocytes (data not shown).

To study the effects of AMPA and NMDA on glial trans-
mitter release, astrocytes were incubated in ACSF containing
AMPA (10–300 mM) or NMDA (10–300 mM), after washing

with ACSF. AMPA increased the release of L-glutamate [one-
way ANOVA: FDose(4,25) = 2.9 (P < 0.05)] and D-serine [ANOVA:
FDose(4,25) = 3.9 (P < 0.05)] from primary cultures of astrocytes
(Figure 3A,B). Neither release of L-glutamate nor that of
D-serine from primary cultured astrocytes was affected by
NMDA (10-300 mM) (Figure 3A and B).

To study the effects of tetanus toxin on AMPA-induced
glial release of L-glutamate and D-serine, after the pre-
incubation with tetanus toxin, washout with ACSF and pre-
incubation with ACSF, astrocytes were incubated in ASCF
containing 100 mM AMPA. To study the effects of fluorocitrate
and TTX on AMPA-induced glial release of L-glutamate and
D-serine, after the pre-incubation with fluorocitrate or TTX,
astrocytes were incubated in ASCF containing 1 mM fluoroci-

Figure 3
Effects of AMPA, NMDA, TTX, tetanus toxin and fluorocitrate on L-glutamate and D-serine release from primary cultured astrocytes. Concentration-
dependent effects of AMPA (10–300 mM) and NMDA (10–300 mM) on release of (A) L-glutamate and (B) D-serine from primary cultured astrocytes.
Data are mean � SEM (n = 6). **P < 0.01 versus control, by one-way ANOVA with Tukey’s multiple comparisons. Effects of tetanus toxin (TeNT;
3 mg·mL-1), TTX (1 mM) and fluorocitrate (FLC; 1 mM) on 100 mM AMPA-evoked release of (C) L-glutamate and (D) D-serine from primary cultured
astrocytes. Data are mean � SEM (n = 6). **P < 0.01 significantly different from control, by Student’s t-test.
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trate or 1 mM TTX with 100 mM AMPA. AMPA-induced release
of L-glutamate and D-serine was reduced by tetanus toxin
(3 mg·mL-1) and fluorocitrate (1 mM) (P < 0.01), but not
affected by TTX (1 mM) (Figure 3C and D).

Effects of tetanus toxin and fluorocitrate on clozapine-induced
release of L-glutamate and D-serine from primary cultured astro-
cytes. To study the effects of clozapine and haloperidol on
glial transmitter release, after the pre-incubation with ACSF,
astrocytes were incubated in ACSF containing clozapine
(2–200 nM) or haloperidol (1–100 nM) (Ninan et al., 2003).
Clozapine increased the release of L-glutamate [repeated
ANOVA: F(3,15) = 88.6, P < 0.01] and D-serine [repeated ANOVA:
F(3,15) = 56.8, P < 0.01] in a concentration-dependent
manner, whereas haloperidol did not affect release of
L-glutamate or D-serine (Figure 4). At low concentration
(2 nM), clozapine had no effect on the release of L-glutamate
or D-serine, whereas the release of both was increased at
higher concentrations (20 nM, P < 0.05 and 200 nM, P < 0.01)
(Figure 4).

To study the effects of tetanus toxin on clozapine-induced
glial release of L-glutamate and D-serine, after the pre-
incubation with tetanus toxin, astrocytes were incubated in
ASCF containing 2–200 nM clozapine. After the cleavage of
synaptobrevin by tetanus toxin (3 mg·mL-1), clozapine, at the
highest concentration (200nM), increased the release of
L-glutamate [repeated ANOVA: F(3,15) = 36.2, P < 0.01] and
D-serine [repeated ANOVA: F(3,15) = 78.5, P < 0.01] but neither
2 nM nor 20 nM clozapine was effective (Figure 4).

To study the effects of fluorocitrate and TTX on clozapine-
induced glial release of L-glutamate and D-serine, after the
pre-incubation with fluorocitrate or TTX, astrocytes were
incubated in ASCF containing 1 mM fluorocitrate or 1 mM
TTX with 2–200 nM clozapine. Incubation with 1 mM fluo-

rocitrate abolished the clozapine-induced release of
L-glutamate and D-serine (Figure 4). TTX (1 mM) did not affect
the stimulatory effects of clozapine on L-glutamate or
D-serine release (data not shown).

In vivo microdialysis
Effects of TTX, fluorocitrate and tetanus toxin on basal and
K+-evoked release of L-glutamate and D-serine in the mPFC. The
basal extracellular levels of L-glutamate and D-serine in the
mPFC were 2.15 � 0.34 and 1.28 � 0.23 mM, respectively (not
corrected for in vitro dialysis probe recovery).

To study the synaptobrevin-associated release of
L-glutamate and D-serine in the mPFC, 24 h after microinjec-
tion of tetanus toxin (1 ng·0.3 mL-1), the perfusion experi-
ment was started. The extracellular neurotransmitter levels
were measured at least 8 h after starting perfusion. Microin-
jection of tetanus toxin (1 ng·0.3 mL-1) did not affect the basal
extracellular levels of L-glutamate or D-serine in the mPFC
(Figure 5A,B).

To study the effects of TTX and fluorocitrate on basal
release of L-glutamate and D-serine, after the confirming of
stabilization, the perfusion medium was switched from MRS
to MRS containing 1 mM fluorocitrate or 1 mM TTX. Perfu-
sion with 1 mM TTX did not affect the basal extracellular
levels of L-glutamate or D-serine in the mPFC (Figure 5A,B).
Perfusion with 1 mM fluorocitrate reduced the frontal extra-
cellular levels of L-glutamate [repeated ANOVA: F(26,130) =
311.9, P < 0.01] and D-serine [repeated ANOVA: F(26,130) =
88.4, P < 0.01] (Figure 5C,D). However, the inhibitory effects
of fluorocitrate on the release of L-glutamate and D-serine
reached at steady state only after 6 h of fluorocitrate perfu-
sion (Figure 5C,D).

After these measurements, the effects of TTX and fluoroci-
trate on depolarization-induced release of L-glutamate and
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Figure 5
Effects of TTX, fluorocitrate and tetanus toxin on basal and K+-evoked release of L-glutamate and D-serine in the mPFC. Effects of perfusion with
1 mM TTX and microinjection of 1 ng·0.3 mL-1 tetanus toxin (TeNT) on the basal and K+-evoked release of (A) L-glutamate and (B) D-serine in the
mPFC. Effects of perfusion with 1 mM fluorocitrate (FLC) on the basal and K+-evoked release of (C) L-glutamate and (D) D-serine in the mPFC. Grey
horizontal bars: perfusion with MRS containing 1 mM TTX or 1 mM fluorocitrate; open horizontal bar: perfusion with K+, 100 mM (HKMRS) for
20 min. Data are means � SEM (n = 6) of extracellular levels. The effects of microinjection of tetanus toxin and perfusion with TTX and fluorocitrate
were compared using MANOVA with Tukey’s multiple comparisons (*P < 0.05; **P < 0.01 significantly different from pre-perfusion period and
#P < 0.05, ##P < 0.01 significantly different from control).
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D-serine were studied. The perfusion medium was switched
from MRS containing 1 mM fluorocitrate or 1 mM TTX to
HKMRS containing the same agent. The 100 mM K+-evoked
stimulation (perfusion with HKMRS for 20 min) increased the
extracellular level of L-glutamate in the mPFC [repeated
ANOVA: F(6,30) = 39.5, P < 0.01] (Figure 5A,C). The magnitude
of K+-evoked L-glutamate reached a peak level at 40 min after
the start of K+-evoked stimulation (Figure 5A). Perfusion with
1 mM TTX [MANOVA: FTTX(1,10) = 5.5 (P < 0.05), FTime(6,60) =
270.0 (P < 0.01), FDose ¥ Time(6,60) = 11.0 (P < 0.01)] or 1 mM
fluorocitrate [MANOVA: Ffluorocitrate(1,10) = 18.6 (P < 0.01),
FTime(6,60) = 201.7 (P < 0.01), FDose ¥ Time(6,60) = 64.5 (P < 0.01)]
reduced K+-evoked L-glutamate release (Figure 5A,C). Perfu-
sion with fluorocitrate did not affect the K+-evoked
L-glutamate release at 20 min after the start of K+-evoked
stimulation, but reduced it in the following periods (at 40 and
60 min) (Figure 5C). The extracellular levels of D-serine
[repeated ANOVA: F(6,30) = 18.6, P < 0.01] were also increased
by HKMRS perfusion (Figure 5B,D). The magnitude of
K+-evoked D-serine reached a peak level at 60 min after the
start of K+-evoked stimulation (Figure 5B,D). Perfusion with
fluorocitrate inhibited the K+-evoked D-serine release
[MANOVA: Ffluorocitrate (1,10) = 23.0 (P < 0.01), FTime(6,60) = 83.7
(P < 0.01), FDose ¥ Time(6,60) = 33.7 (P < 0.01)], whereas perfusion
with TTX did not affect this release (Figure 5B,D).

To study the effects of tetanus toxin on depolarization-
induced release of L-glutamate and D-serine, the perfusion
medium was switched from MRS to HKMRS. Microinjection
of tetanus toxin (1 ng·0.3 mL-1) reduced K+-evoked release of
L-glutamate [MANOVA: Ftetanus toxin(1,10) = 32.5 (P < 0.01),
FTime(6,60) = 166.3 (P < 0.01), FDose ¥ Time(6,60) = 65.6 (P < 0.01)]
and D-serine [MANOVA: Ftetanus toxin (1,10) = 1.3 (P < 0.01),
FTime(6,60) = 110.1 (P < 0.01), FDose ¥ Time(6, 60) = 24.2
(P < 0.01)] (Figure 5A,B).

Effects of systemic administration of haloperidol and clozapine on
extracellular levels of L-glutamate and D-serine in the mPFC. To
study the effects of systemic administration of haloperidol
and clozapine on release of L-glutamate and D-serine, after
stabilization, the rats were given clozapine (1 or 5 mg·kg-1,
i.p.) (Kapur et al., 2003) or haloperidol (0.5 or1 mg·kg-1, i.p.)
(Yamamura et al., 2009b). Systemic administration of clozap-
ine dose-dependently increased the extracellular levels of
L-glutamate [MANOVA: FDose(2,15) = 7.9 (P < 0.01), FTime(9,135)
= 259.8 (P < 0.01), FDose ¥ Time(18,135) = 152.9 (P < 0.01)] and
D-serine [MANOVA: FDose(2,15) = 7.7 (P < 0.01), FTime(9,135) =
81.2 (P < 0.01), FDose ¥ Time(18,135) = 60.1 (P < 0.01)]; however,
neither systemic administration of 0.5 mg·kg-1 (data not
shown) nor 1 mg·kg-1 of haloperidol affected these levels
(Figure 6A,B). Clozapine (5 mg·kg-1 i.p.) induced a rise in
extracellular D-serine levels earlier (60 min after clozapine
injection) than that of L-glutamate (140 min after clozapine).

Effects of TTX, fluorocitrate and tetanus toxin on clozapine-
induced release of L-glutamate and D-serine in the mPFC. To
study the effects of TTX and fluorocitrate on release of
L-glutamate and D-serine induced by antipsychotic drugs,
perfusion was commenced with MRS containing 1 mM TTX or
1 mM fluorocitrate. After stabilization, the rats were given
clozapine (5 mg·kg-1, i.p.) or haloperidol (1 mg·kg-1, i.p.). To
study the effects of tetanus toxin on antipsychotics-induced
release of L-glutamate and D-serine, 24 h after the microin-
jection of tetanus toxin (1 ng·0.3 mL-1), the rats were given
clozapine (5 mg·kg-1, i.p.) or haloperidol (1 mg·kg-1, i.p.).

Haloperidol or clozapine interacted with transmission-
modulating toxins (TTX, tetanus toxin or fluorocitrate) on
L-glutamate release [two-way ANOVA: FAntipsychotic(2,75) = 74.8
(P < 0.01), FToxin(4,75) = 25.7 (P < 0.01), FAntipsychotic ¥ Toxin(8,75) =
10.6 (P < 0.01)]. Perfusion with 1 mM TTX (P < 0.05), micro-

Figure 6
Effects of clozapine and haloperidol on extracellular levels of L-glutamate and D-serine in the mPFC. Effects of systemic administration of clozapine
(1 or 5 mg·kg-1, i.p.) and haloperidol (1 mg·kg-1, i.p.) on the extracellular levels of (A) L-glutamate and (B) D-serine in the mPFC. After stabilization
of extracellular levels of L-glutamate and D-serine (pretreatment), clozapine (1 mg·kg-1, 5 mg·kg-1) or haloperidol (1 mg·kg-1) was injected i.p.
*P < 0.05, **P < 0.01 significantly different from pretreatment, by MANOVA with Tukey’s multiple comparison.
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injection of tetanus toxin (1 ng 0.3·mL-1) (P < 0.01) and per-
fusion with 1 mM fluorocitrate (P < 0.01) reduced the
stimulatory effect of clozapine on extracellular L-glutamate
levels (Figure 7A,C). Furthermore, haloperidol or clozapine
also interacted with transmission-modulating toxins on
D-serine release [two-way ANOVA: FAntipsychotic(2,75) = 79.35 (P <
0.01), FToxin(4,75) = 22.3 (P < 0.01), FAntipsychotic ¥ Toxin(8,75) = 7.9
(P < 0.01)]. Tetanus toxin (P < 0.01) and fluorocitrate

(P < 0.01), but not TTX, reduced the stimulatory effects of
clozapine on extracellular D-serine level (Figure 7B,D).

Effects of MK-801 on clozapine-induced release of L-glutamate and
D-serine in the mPFC. In these experiments, the perfusion
medium was commenced with MRS containing 50 mM
MK-801. After stabilization, the rats were given clozapine
(5 mg·kg-1, i.p.). The interaction between systemic adminis-

Figure 7
Interaction between antipsychotic drugs and transmission-modulating agents on extracellular levels of L-glutamate and D-serine in the mPFC.
Effects of microinjection of 1 ng·0.3 mL-1 tetanus toxin (TeNT), perfusion with 1 mM TTX or 1 mM fluorocitrate (FLC) on antipsychotic (5 mg·kg-1

clozapine and 1 mg·kg-1 haloperidol)-induced release of (A) L-glutamate and (B) D-serine in the mPFC. Data are mean � SEM (n = 6). *P < 0.05,
**P < 0.01 versus control, by two-way ANOVA with Tukey’s multiple comparisons. Effects of microinjection of 1 ng·0.3 mL-1 tetanus toxin, perfusion
with 1 mM TTX or 1 mM fluorocitrate on 5 mg·kg-1 clozapine-induced release of (C) L-glutamate and (D) D-serine in the mPFC. Data are
mean � SEM (n = 6). *P < 0.05, **P < 0.01 significantly different from pretreatment period, by MANOVA with Tukey’s multiple comparison.
AUC, area under curve.
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tration of clozapine and perfusion with 50 mM MK-801 on
the extracellular L-glutamate levels in the mPFC [MANOVA;
FMK-801(1,10) = 2.7, P > 0.1; FTime(9,90) = 113.1, P < 0.01;
FMK-801 ¥ Time(9,90) = 22.7, P < 0.01] is shown in Figure 8A.
Antagonism of the NMDA receptor reduced clozapine-
induced L-glutamate release (P < 0.01). In contrast, the
NMDA antagonist did not affect clozapine-induced increases
of the extracellular D-serine levels in the mPFC [MANOVA;
FMK-801(1, 10) = 0.3, P > 0.1; FTime(9, 90) = 174.1, P < 0.01;
FMK-801 ¥ Time(9, 90) = 1.6, P > 0.1] (Figure 8B).

Discussion and conclusions

The present study demonstrated that the atypical antipsy-
chotic drug, clozapine, enhanced transmission associated
with L-glutamate and D-serine; but that the classical antipsy-
chotic drug, haloperidol, had no such effects. Systemic
administration of clozapine dose-dependently increased the
release of L-glutamate and D-serine in the mPFC both in vivo
and in primary cultured astrocytes. A large body of evidence
supports a central role for dysfunction of the NMDA receptor
in the pathophysiology of schizophrenia (Lieberman et al.,
2008; Labrie and Roder, 2010). Both L-glutamate and D-serine
are well established as major endogenous NMDA receptor
agonists (Parpura and Zorec, 2009), and are two of the most
recognized amino acid transmitters that mediate astrocyte-
neurone signalling (Parpura and Zorec, 2009; Labrie and
Roder, 2010). In spite of this literature, the exact mechanisms
of neuronal and glial exocytosis of D-serine in vivo remain to
be clarified; D-serine has been detected in both astrocytes and

neurones in the brain (Kartvelishvily et al., 2006; Williams
et al., 2006; Miya et al., 2008), with distribution patterns
similar to those of the NMDA receptor (Schell et al., 1997).

Origin of release of L-glutamate and D-serine
in the mPFC
In the present study, microdialysis experiments demonstrated
that the basal extracellular levels of L-glutamate and D-serine
in the mPFC were not sensitive to TTX and tetanus toxin, but
increased by K+-evoked stimulation (Figure 5). The glial toxin,
fluorocitrate, reduced the basal extracellular levels of these
transmitters (Figure 5). Furthermore, the basal release of
L-glutamate and D-serine from primary cultures of astrocytes
was also decreased by tetanus toxin and fluorocitrate, but not
by TTX (Figure 2). These results suggest that the extracellular
levels of L-glutamate and D-serine detected by microdialysis
during the resting stage, are predominantly of glial, rather
than neuronal, origin.

The K+-evoked release of L-glutamate and D-serine in the
mPFC was decreased by tetanus toxin and fluorocitrate;
however, TTX inhibited the K+-evoked release of L-glutamate
without affecting that of D-serine (Figure 5). The magnitudes
of K+-evoked release of L-glutamate and D-serine reached peak
levels at 40 and 60 min respectively (Figure 5). The early
phase of K+-evoked L-glutamate release (20 min after the start
of K+-evoked stimulation) was inhibited by TTX but not by
fluorocitrate; however, the late phase (40–60 min after the
start of K+-evoked stimulation) was inhibited by fluorocitrate
(Figure 5). Furthermore, tetanus toxin inhibited both early
and late phases of K+-evoked L-glutamate release (Figure 5).
Thus, these pharmacological demonstrations suggest that the

Figure 8
Effects of MK-801 on clozapine-induced release of L-glutamate and D-serine in the mPFC. Effects of perfusion of MK-801 (50 mM) on 5 mg·kg-1

clozapine-induced release of (A) L-glutamate and (B) D-serine in the mPFC. Data are mean � SEM (n = 6). *P < 0.05, **P < 0.01 significantly
different from pretreatment period, by MANOVA with Tukey’s multiple comparisons.
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depolarization-induced release of L-glutamate probably rep-
resents both early neuronal and delayed glial release, whereas
that of D-serine predominantly represents delayed glial
release.

To clarify our hypothesis, the effects of TTX, tetanus toxin
and fluorocitrate on release of L-glutamate and D-serine from
primary cultured astrocytes was examined. In the present
study, AMPA, but not NMDA or K+-evoked stimulation,
increased the release of L-glutamate and D-serine from
primary cultured astrocytes (Figure 3), as reported previously
(Schell et al., 1995). Fluorocitrate, but not TTX, inhibited
both basal and AMPA-induced release of L-glutamate and
D-serine from cultured astrocytes (Figures 2 and 3). Voltage-
activated Na+ currents have been observed in only 5% of glial
fibrillary acidic protein positive astrocytes using the slice
patch-clamp technique (Sontheimer and Waxman, 1993).
Taken together with the results of the electrophysiological
study, the present results indicate that TTX-sensitive Na+

channels do not play important roles in transmitter release
from glia.

The expression of SNARE, including synaptobrevin, in
cultured astrocytes has been demonstrated by immunohis-
tochemistry, and glial D-serine release was regulated by a
Ca2+-dependent SNARE complex (Schell et al., 1995; Mothet
et al., 2005). Similar to these results, the present study
showed that tetanus toxin inhibited both basal and AMPA-
induced release of L-glutamate and D-serine in cultured astro-
cytes (Figures 2 and 3). Therefore, the release of L-glutamate
and D-serine was, at least in part, regulated by a glial exocy-
tosis mechanism. The present results indicate several mecha-
nisms of release of L-glutamate and D-serine. The release of
L-glutamate monitored by microdialysis comprised both neu-
ronal and glial sources, whereas that of D-serine was probably
glial release. The glial release of L-glutamate and D-serine is
regulated by the SNARE complex, as observed in neurones
(Okada et al., 2001).

Mechanisms of clozapine-induced release of
L-glutamate and D-serine
In the present study, systemic administration of a therapeu-
tically relevant dose of clozapine (5 mg·kg-1, i.p.) (Kapur et al.,
2003) increased the extracellular D-serine level in the mPFC,
but a lower dose of clozapine (1 mg·kg-1, i.p.) (Kapur et al.,
2003) had no such effect (Figure 6). Furthermore, haloperidol
did not alter extracellular D-serine levels (Figure 6).
Clozapine-induced D-serine release in the mPFC was reduced
by tetanus toxin and fluorocitrate but was not affected
by TTX (Figure 7). As in the microdialysis experiments,
clozapine-induced D-serine release from cultured astrocytes
was also inhibited by tetanus toxin and fluorocitrate but was
not affected by TTX (Figure 4). Fluorocitrate abolished the
clozapine-induced D-serine release from cultured astrocytes
(Figure 4). Therefore, clozapine-induced D-serine release is
probably mainly of glial origin. Similarly, in cultured
astrocytes, clozapine-induced L-glutamate release was also
inhibited by tetanus toxin and fluorocitrate (fluorocitrate
abolished clozapine-induced release), but not by TTX
(Figure 7). In contrast to the results of cultured astrocytes,
clozapine-induced L-glutamate release in the mPFC was
reduced by TTX, tetanus toxin and fluorocitrate (Figure 7).
These findings suggest that clozapine probably activates both

neuronal and glial release of L-glutamate. However, the onset
of clozapine-induced L-glutamate release (140 min after
clozapine administration) was preceded by clozapine-
induced D-serine release (60 min after clozapine adminis-
tration) (Figures 6–8). The delayed clozapine-induced
L-glutamate release was reduced by MK-801, whereas the
latter had no effect on clozapine-induced D-serine release
(Figure 8). Therefore, the clozapine-induced D-serine release
leads to a subsequent increase in L-glutamate release via acti-
vation of NMDA receptors.

Several randomized controlled clinical studies have indi-
cated that the NMDA receptor partial agonists, D-cycloserine
and D-serine, significantly improve the negative symptoms
of schizophrenia when used as adjuvants to conventional
antipsychotics (Evins et al., 2002; Heresco-Levy et al., 2005;
Tsai and Lin, 2010), whereas their clinical advantages were
trivial in patients with schizophrenia treated with clozapine
(Goff et al., 1999; Tsai and Lin, 2010). In contrast, a recent
clinical study could not demonstrate the effectiveness of
D-cycloserine (Buchanan et al., 2007). Several meta-analyses
showed the effectiveness of D-serine against negative symp-
toms, but the magnitude of the effect was moderate (Tuom-
inen et al., 2006; Buchanan et al., 2007; Tsai and Lin, 2010).
Based on the clinical evidence, D-serine can improve the
negative symptoms of schizophrenia though its effectiveness
is limited (Shim et al., 2008; Tsai and Lin, 2010). Further-
more, the effectiveness of D-serine against positive symptoms
and cognitive deficits remains to be clarified (Tuominen
et al., 2006; Buchanan et al., 2007; Tsai and Lin, 2010). The
present study demonstrated the stimulatory effects of
clozapine on glial D-serine release; however, alternatively,
the present results could suggest that activation of glial trans-
mission is a novel target for atypical antipsychotics (Lieber-
man et al., 2008). To clarify this possibility, we plan to
determine the effects of other atypical antipsychotics on glial
transmission.

In conclusion, the present study demonstrated that the
extracellular D-serine levels in the mPFC were regulated by a
glial exocytosis mechanism rather than neuronal exocytosis.
Clozapine at a therapeutically relevant dose increased the
extracellular D-serine levels in the mPFC, whereas neither
haloperidol nor a lower than therapeutically relevant dose of
clozapine affected extracellular D-serine levels. The clozapine-
induced D-serine release was also regulated by a glial exo-
cytosis mechanism. Furthermore, the clozapine-induced
D-serine release led to a secondary increase in neuronal
L-glutamate release in the mPFC. The stimulatory effects of
clozapine on glial transmission are, at least partially, involved
in the antipsychotic action of clozapine.
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