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Abstract: Dysfunction of the N-methyl-D-aspartate (NMDA) receptor has been implicated in the
pathogenesis of schizophrenia. Although agonists for the glycine-binding sites of NMDA receptors
have potential as new medication for schizophrenia, their modulation of antipsychotic-induced
extrapyramidal side effects (EPS) has not yet been clarified. We herein evaluated the effects of
glycine-binding site stimulants of NMDA receptors on antipsychotic-induced EPS in mice and rats.
D-cycloserine (DCS) and D-serine significantly improved haloperidol (HAL)-induced bradykinesia in
mice, whereas glycine showed no effects. Sodium benzoate, a D-amino acid oxidase inhibitor,
also attenuated HAL-induced bradykinesia. Improvements in HAL-induced bradykinesia by
DCS were antagonized by the NMDA antagonist dizocilpine or nitric oxide synthase inhibitor
L-NG-Nitro-L-arginine methyl ester. In addition, DCS significantly reduced HAL-induced Fos
expression in the dorsolateral striatum without affecting that in the nucleus accumbens. Furthermore,
a microinjection of DCS into the substantia nigra pars compacta significantly inhibited HAL-induced
EPS concomitant with elevations in dopamine release in the striatum. The present results
demonstrated for the first time that stimulating the glycine-binding sites of NMDA receptors alleviates
antipsychotic-induced EPS by activating the nigrostriatal dopaminergic pathway, suggesting that
glycine-binding site stimulants are beneficial not only for efficacy, but also for side-effect management.

Keywords: antipsychotics; D-cycloserine; extrapyramidal side effects; glycine-binding site agonists
of NMDA receptors; nigrostriatal dopaminergic system; schizophrenia

1. Introduction

Schizophrenia is a heterogenous disease with diverse psychotic symptoms including positive and
negative symptoms, neurocognitive impairments, and mood disturbances [1–4]. It is well-known that
hyperactivity of the meso-limbic dopaminergic system is involved in the pathogenesis of schizophrenia
(dopamine hypothesis), and numerous first-generation antipsychotics, which commonly antagonize
dopamine D2 receptors, have been developed [4–6]. These agents effectively improve positive
symptoms (e.g., hallucinations, delusion, and excitement) in patients with schizophrenia through D2

receptor blockade in the limbic regions (e.g., the nucleus accumbens) [5]. However, they frequently
induce extrapyramidal side effects (EPS) by blocking D2 receptors in the basal ganglia (e.g., the
striatum). In addition, first generation antipsychotics were only effective for positive symptoms, not
negative symptoms or cognitive impairments, suggesting that multiple mechanisms (e.g., serotonergic
and glutamatergic systems) other than the dopaminergic system are also involved in the generation of
schizophrenia symptoms [1,7–9].
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N-methyl-D-aspartate (NMDA) receptors are heteromeric tetramer proteins composed of GluN1
and GluN2 subunits containing D-serine/glycine- and glutamate-binding sites, respectively [10,11].
Besides D-serine/glycine- and glutamate-binding sites, they also possess several regulatory sites
sensitive to polyamines, Zn2+, protons, and glutathione [10,12]. NMDA receptors are involved in
the etiology and treatment of various neuropsychiatric disorders (e.g., schizophrenia, depression,
Alzheimer’s disease, and ischemic stroke) [13–18]. Previous studies proposed that the dysfunction
of NMDA receptors is involved in the pathogenesis of schizophrenia (the glutamate hypothesis in
schizophrenia) [13–15]. This hypothesis was derived from agents including phencyclidine (PCP)
and dizocilpine (MK-801), which block the function of NMDA receptors and cause psychosis in
humans, inducing schizophrenia-like symptoms [13,19–21]. It is also supported by previous findings
showing decreased glutamate levels in the cerebrospinal fluid [22] and the down-regulation of brain
NMDA receptor expression in patients with schizophrenia [23]. Furthermore, based on the glutamate
hypothesis in schizophrenia, several agents (e.g., D-cycloserine (DCS), D-serine, and sodium benzoate),
which stimulate NMDA receptor functions, are expected to have potential as new medication for
schizophrenia [14,15,24,25]. However, their actions regarding the induction and/or modulation of EPS
are unknown and remain to be clarified.

In the present study, we performed behavioral and immunohistochemical studies in mice
and rats to evaluate the effects of the glycine-binding site stimulants of NMDA receptors on
antipsychotic-induced EPS (i.e., bradykinesia and catalepsy) and elucidate their action mechanisms.
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NMDA receptors, D-cycloserine (3–30 mg/kg, i.p.), D-serine (100–1000 mg/kg, i.p.), and glycine (30–
300 mg/kg, i.p.), and the D-amino acid oxidase inhibitor, sodium benzoate (10–600 mg/kg, i.p.), were 
administered to animals 15 min before the HAL injection. The pole test was performed 30 min after 
the HAL injection. Each column represents the mean ± S.E.M. of 5–13 mice. These data were analyzed 
using the Kruskal−Wallis and Steel−Dwass tests. * p < 0.05, ** p < 0.01, significantly different from the 
value with HAL alone. 
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2. Results

2.1. Effects of Glycine-Site Stimulants of N-Methyl-D-aspartate (NMDA) Receptors on
Haloperidol-Induced Bradykinesia

We examined the effects of the glycine-site stimulants of NMDA receptors on haloperidol
(HAL)-induced bradykinesia using the mouse pole test. The glycine-site agonist of NMDA receptors,
DCS (3–30 mg/kg, i.p.), significantly improved HAL (1 mg/kg, i.p.)-induced bradykinesia in a
dose-dependent manner (Tturn: F(3,44) = 7.8073, p = 0.0003, Ttotal: F(3,44) = 6.7772, p = 0.0007)
(Figure 1A). D-serine (100–1000 mg/kg, i.p.) significantly attenuated HAL-induced bradykinesia
(Tturn: X2 = 8.4239, df = 3, p = 0.0380), whereas glycine (30–300 mg/kg, i.p.) showed no effects
(Figure 1B,C). In addition, the D-amino acid oxidase inhibitor, sodium benzoate (600 mg/kg, i.p.), also
significantly reduced HAL-induced bradykinesia (Ttotal: X2 = 8.7330, df = 5, p = 0.0481) (Figure 1D).

We subsequently examined the effects of the NMDA receptor antagonist dizocilpine and nitric
oxide synthase (NOS) inhibitor L-NG-Nitro-L-arginine methyl ester (L-NAME) on the antibradykinetic
action of DCS. Dizocilpine (0.01 mg/kg, i.p.), L-NAME (10 mg/kg, i.p.), or vehicle was simultaneously
injected with DCS (30 mg/kg, i.p.) 15 min before the HAL injection (1 mg/kg, i.p.). Under these
conditions, the improvement of HAL-induced bradykinesia by DCS was significantly antagonized by
dizocilpine (0.01 mg/kg, i.p.) (Tturn: U = 47, p = 0.0066) (Figure 2). Similarly, L-NAME (10 mg/kg, i.p.)
also significantly antagonized improvements by DCS (Tturn: U = 144.5, p = 0.0137) (Figure 2).
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2.2. Effects of D-Cycloserine on Haloperidol-Induced Fos Expression 

It is well-known that HAL evokes Fos protein expression, a biological marker of neural 
excitation [26], in the forebrain (e.g., striatum and nucleus accumbens) via dopamine D2 receptor 
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Figure 2. Effects of dizocilpine or L-NG-Nitro-L-arginine methyl ester (L-NAME) on the ameliorative
action of D-cycloserine (DCS) against haloperidol (HAL)-induced bradykinesia. (A,B) Mice received
dizocilpine (0.01 mg/kg, i.p.), L-NAME (10 mg/kg, i.p.), or vehicle simultaneously with DCS
(30 mg/kg, i.p.) or vehicle 15 min before the HAL injection (1 mg/kg, i.p.). The pole test was
performed 30 min after the HAL injection. Each column represents the mean ± S.E.M. of 12–23 mice.
These data were analyzed using the Mann-Whitney U-test. * p < 0.05: Significantly different from the
value with HAL alone. # p < 0.05, significantly different from the value with HAL + DCS.

2.2. Effects of D-Cycloserine on Haloperidol-Induced Fos Expression

It is well-known that HAL evokes Fos protein expression, a biological marker of neural
excitation [26], in the forebrain (e.g., striatum and nucleus accumbens) via dopamine D2 receptor
blockade [27,28]. Therefore, we examined the effects of an anti-bradykinetic dose of DCS on
HAL-induced Fos expression in the dorsolateral striatum (dlST) and shell region of the nucleus
accumbens (AcS).
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As shown in Figure 3A, we confirmed that HAL (1 mg/kg, i.p.) markedly increased Tturn and
Ttotal values, which were significantly reversed by DCS (30 mg/kg, i.p.). Brain samples were then
obtained from these animals 2 h after the HAL injection and subjected to Fos immunohistochemistry.
Under these conditions, control (vehicle + vehicle) and DCS (vehicle + DCS) animals showed negligible
Fos expression in the dlST and AcS. The number of Fos immunoreactivity (IR)-positive cells was
markedly increased by HAL (vehicle + HAL, dlST: F(3,21) = 14.9794, p = 0.0001, AcS: F(3,21) = 8.3832,
p = 0.0030) (Figure 3B–D). However, HAL-induced Fos expression was significantly inhibited by DCS in
the dlST (p = 0.0324). The number of Fos-IR-positive cells in the dlST was approximately 31 cells/grid
with vehicle + HAL; however, this value was reduced to approximately 16 cells/grid by the combined
treatment with DCS (Figure 3B,C). Interestingly, DCS did not significantly affect HAL-induced Fos
expression in the AcS (Figure 3B,D).
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DCS (10 μg/site) or vehicle was microinjected into the bilateral substantia nigra pars compacta (SNc) 
or dlST 15 min after the HAL (1 mg/kg, i.p.) treatment. HAL-induced EPS was evaluated by the 
catalepsy test 30 min after the HAL injection. Under these conditions, microinjections of DCS into 
the SNc or dlST significantly attenuated HAL-induced catalepsy (Figure 4). The catalepsy time with 
HAL was significantly reduced from 243.6 ± 28.0 to 82.7 ± 39.9 (SNc: U = 17, p = 0.0123) and 283.8 ± 
16.2 to 140.5 ± 56.0 (dlST: U = 7, p = 0.0495) by the microinjection of DCS into the SNc and dlST, 
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Figure 3. (A) Effects of D-cycloserine (DCS) on haloperidol (HAL)-induced Fos expression in the
dorsolateral striatum (dlST) and accumbens shell (AcS). (A) DCS (30 mg/kg, i.p.) or vehicle was
administered to animals 15 min before the HAL injection, which was followed by the pole test 30 min
later; (B) Photographs illustrating Fos-IR-positive cells in the dlST and AcS (left panel: vehicle + HAL
(1 mg/kg, i.p.)-treated mice, right panel: DCS (30 mg/kg, i.p.) + HAL (1 mg/kg, i.p.)-treated mice).
Scale bar: 100 µm; (C,D) Effects of DCS (30 mg/kg, i.p.) on HAL (1 mg/kg, i.p.)-induced Fos expression
in the dlST (C) and AcS (D). The brain was removed from animals 2 h after the HAL injection. Each
column represents the mean ± S.E.M. of 6–7 mice. These data were analyzed using the Kruskal−Wallis
and Steel−Dwass tests (behavioral test) or one-way ANOVA and Tukey’s test (Fos analysis). * p < 0.05,
** p < 0.01, significantly different from the value for vehicle + vehicle. # p < 0.05, ## p < 0.01, significantly
different from the value for vehicle + HAL.

2.3. Microinjection and In Vivo Microdialysis Studies with D-Cycloserine

In order to investigate the action sites of DCS, we conducted microinjection studies using rats.
DCS (10 µg/site) or vehicle was microinjected into the bilateral substantia nigra pars compacta (SNc)
or dlST 15 min after the HAL (1 mg/kg, i.p.) treatment. HAL-induced EPS was evaluated by the
catalepsy test 30 min after the HAL injection. Under these conditions, microinjections of DCS into the
SNc or dlST significantly attenuated HAL-induced catalepsy (Figure 4). The catalepsy time with HAL
was significantly reduced from 243.6 ± 28.0 to 82.7 ± 39.9 (SNc: U = 17, p = 0.0123) and 283.8 ± 16.2 to
140.5 ± 56.0 (dlST: U = 7, p = 0.0495) by the microinjection of DCS into the SNc and dlST, respectively.
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pars compacta (SNc) and microdialysis site in the dorsolateral striatum (dlST); (B) Extracellular 
levels of dopamine were analyzed in 10-min dialysate samples. Data were normalized to the mean 
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(HAL)-induced catalepsy in rats. (A,B) The effects of DCS (10 µg/1 µL/side) microinjected into the
substantia nigra compacta (SNc) or dorsolateral striatum (dlST) against HAL-induced catalepsy were
examined. Each dose of HAL was administered 15 min after each DCS microinjection and, 30 min later
(45 min after the DCS microinjection), the catalepsy time was measured. Schematic drawings of a rat
brain section illustrating DCS or vehicle injection sites (filled circles) in the SNc (A) or dlST (B) are
shown at the top. Each column represents the mean ± S.E.M. of 6–11 rats. These data were analyzed by
the Mann-Whitney U-test. * p < 0.05, significantly different from the control value with vehicle + HAL.
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striatum. (A) Schematic drawing illustrating the microinjection site of DCS in the substantia nigra pars
compacta (SNc) and microdialysis site in the dorsolateral striatum (dlST); (B) Extracellular levels of
dopamine were analyzed in 10-min dialysate samples. Data were normalized to the mean value of
the first six 10-min samples (basal value). Each column shows the mean ± S.E.M. of 6 rats. These data
were analyzed by the Student’s t-test. * p < 0.05, ** p < 0.01, significantly different from the basal value.
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We further conducted in vivo microdialysis studies to evaluate extracellular dopamine release
in the dlST following the microinjection of DCS (10 µg/site) into the ipsilateral SNc (Figure 5).
The microinjection of DCS into the SNc significantly enhanced dopamine release in the ipsilateral dlST.
Extracellular dopamine levels were significantly elevated by approximately 25% by the microinjection
of 10 µg DCS into the SNc (100 min: T = 2.2701, df = 10, p = 0.0466).

3. Discussion

The present study demonstrated that the glycine-binding site agonists of NMDA receptors, DCS
and D-serine, significantly alleviated HAL-induced bradykinesia with relative potencies in the order of
DCS > D-serine. Sodium benzoate, an inhibitor of the D-amino acid oxidase catalyzing the oxidative
metabolism of D-serine [29,30], also alleviated HAL-induced bradykinesia. Thus, sodium benzoate
appears to alleviate HAL-induced bradykinesia by increasing extracellular D-serine levels

Although D-serine-independent mechanisms (e.g., NMDA receptor redox-site intervention) are
also proposed [31,32]. Among the glycine-binding site stimulants tested, glycine was inactive. The lack
of efficacy with glycine may have been due to its poor penetration into the brain or an insufficient
dosage. However, it was not possible to test higher doses of glycine because of its acute toxicity
(occasional death at 1000 mg/kg).

Antibradykinetic doses of the glycine-binding site stimulants of NMDA receptors in the pole
test were 3–30 mg/kg (i.p.) for DCS, 300 mg/kg (i.p.) for D-serine, and 600 mg/kg (i.p.) for sodium
benzoate. These doses were similar to those producing efficacy in animal models of schizophrenia with
NMDA antagonists (e.g., phencyclidine and dizocilpine), namely, 10–30 mg/kg (s.c.) for D-cycloserine,
600 mg/kg (i.p.) for D-serine, and 300–1000 mg/kg (p.o.) for sodium benzoate [31–33]. Therefore,
the glycine-binding site stimulants of NMDA receptors are expected to reduce EPS associated with
antipsychotic treatments in clinical settings.

It has been well-documented that antipsychotics elevate the regional expression of the Fos protein,
a biological marker of neural activation, both in the nucleus accumbens and striatum by blocking
D2 receptors [34]. Furthermore, D2 receptor-mediated Fos expression in the nucleus accumbens
and striatum are considered to reflect the antipsychotic action and EPS liability of antipsychotics,
respectively [27,35–38]. Second-generation antipsychotics (atypical antipsychotics) with fewer EPS
commonly lead to reduced Fos expression in the striatum [27,28,39,40]. In the present study, we
showed that DCS significantly reduced Fos expression in the dlST. This evidence further supports DCS
counteracting striatal D2 receptor blockade by HAL to attenuate the induction of EPS. The effects of
DCS on Fos expression were region-specific and did not significantly alter HAL-induced Fos expression
in the AcS. These results suggest that a combination of the glycine-binding site stimulants of NMDA
receptors with antipsychotics preferentially attenuates EPS (D2 blocking action in the striatum) without
interfering with the therapeutic action of antipsychotics.

In order to elucidate the action mechanisms of DCS, we first examined the effects of dizocilpine
(NMDA antagonist) and confirmed that it antagonized improvements in HAL-induced bradykinesia
by DCS, indicating that DCS alleviated EPS by activating NMDA receptors. Since NMDA
receptor-mediated neurotransmission is known to be mediated by NO synthesis, we also examined
the effects of the NOS inhibitor L-NAME and showed that it antagonized DCS-induced improvements
in HAL-induced bradykinesia. Therefore, NMDA receptor-mediated NO production appears to be
involved in the antiparkinsonian action of DCS. In addition, we performed microinjection studies in
combination with in vivo microdialysis measurements of dopamine release in the striatum. Our results
demonstrated that microinjections of DCS (10 µg/site/4 min) into the SNc or dlST significantly
improved HAL-induced catalepsy in rats, indicating that SNc and dlST are both, at least partly,
involved in the anti-cataleptic action of DCS. In vivo microdialysis results also revealed that DCS
locally injected into the SNc significantly enhanced dopamine release in the dlST. These results
suggest that the stimulation of glycine-binding sites by DCS in the SNc activates the nigrostriatal
dopamine pathway, which reduces EPS by elevating striatal dopamine increases. On the other hand,



Int. J. Mol. Sci. 2017, 18, 1416 7 of 12

the mechanisms of action of DSC in the striatum currently remain unknown. Since the suppression
of striatal medium spiny neurons leads to the amelioration of extrapyramidal disorders [41], the
activation of NMDA receptors by DCS may inhibit medium spiny neurons via inhibitory GABAergic
interneurons. Further studies are needed in order to elucidate the action mechanisms of DSC in the
striatum in more detail.

In conclusion, we herein investigated the actions of glycine-binding site stimulants of NMDA
receptors in the modulation of antipsychotic-induced EPS and showed that DCS, D-serine, and sodium
benzoate significantly attenuated HAL-induced EPS. The anti-EPS action of DCS was antagonized by
dizocilpine and L-NAME, suggesting that the activation of NMDA receptors and subsequent induction
of NO were involved in the amelioration of EPS by DCS. In addition, DCS counteracted HAL-induced
Fos expression in the striatum, but not in the nucleus accumbens, suggesting that the glycine-binding
site stimulants of NMDA receptors preferentially attenuate the D2 blocking action of antipsychotics
in the striatum compared with that in the striatum. Furthermore, the microinjection of DCS into the
SNc effectively improved HAL-induced EPS concomitant with elevations in dopamine release in the
striatum. The present results suggest that the stimulation of glycine-binding sites of NMDA receptors
alleviates antipsychotic-induced EPS by activating nigrostriatal dopamine neurons. Based on the
glutamate hypothesis, the glycine-binding site stimulants of NMDA receptors are expected to become
a new medication for schizophrenia [42]. Clinical studies showed that several agents including DCS
and sodium benzoate improved negative symptoms and/or cognitive impairment in patients with
schizophrenia [43–46]. The present results suggest that glycine-binding site agonists are beneficial
not only for efficacy, but also side-effect management in the treatment of schizophrenia. However,
due to the limitations associated with animal experiments, further clinical studies are needed in order
to validate the EPS liability and/or antiparkinsonian effects of glycine-binding site stimulants of
NMDA receptors.

4. Materials and Methods

4.1. Animals

Male ddY mice and SD rats (Japan SLC, Shizuoka, Japan) at 8–10 weeks of age were used. Animals
were kept in air-conditioned rooms (24 ± 2 ◦C and 50 ± 10% relative humidity) under a 12-h light/dark
cycle (light on: 8:00–20:00) and allowed free access to food and water. Animal care methods complied
with the Guide for the Care and Use of Laboratory Animals of the Ministry of Education, Science,
Sports and Culture of Japan, and experimental protocols were approved by the Experimental Animal
Research Committee at Osaka University of Pharmaceutical Sciences (#17, 30 March 2015).

4.2. Evaluation of Bradykinesia

The pole test was performed as described previously [47]. Mice were placed at the top
(head-upward) of a pole (diameter: 8 mm and height: 45 cm). The time for the animal to rotate
downward (Tturn) and descend to the floor (Ttotal) was then measured with a cut-off time of 90 s.
Only mice that showed Tturn < 8 s and Ttotal < 18 s in the pre-test trial (typically performed 2 h before
the test trial) were used.

The glycine-site stimulants of NMDA receptors, DCS (3–30 mg/kg, i.p.), D-serine
(100–1000 mg/kg, i.p.), and glycine (30–300 mg/kg, i.p.), and the D-amino acid oxidase inhibitor,
sodium benzoate (10–600 mg/kg, i.p.) were administered to animals 15 min before the HAL injection,
and the pole test was performed 30 min later. In experiments using dizocilpine or L-NAME, mice first
received dizocilpine (0.01 mg/kg, i.p.), L-NAME (10 mg/kg, i.p.), or vehicle simultaneously injected
with DCS or vehicle 15 min before the HAL injection (1 mg/kg, i.p.). The pole test was performed
30 min after the HAL injection.
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4.3. Analysis of Fos Protein Expression

Regarding Fos immunohistochemical staining, brain samples were obtained from mice 120 min
after the HAL injection. Under pentobarbital (80 mg/kg, i.p.) anesthesia, all mice were transcardially
perfused with ice-cold phosphate-buffered saline (PBS), which was followed by 4% formaldehyde
perfusion. Brains were removed from the skull and stored in fresh fixative for at least 24 h.

Fos immunohistochemical staining was performed using previously reported methods [48,49].
Coronal sections (thickness: 30 µm) were cut from the brain using a Microslicer (DSK-3000, Dosaka,
Kyoto, Japan). Slices were incubated for 2 h with 2% normal rabbit serum, and with goat c-Fos
antiserum (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) for an additional 18–36 h. Sections
were then incubated with a biotinylated rabbit anti-goat IgG secondary antibody (Vector Laboratories,
Burlingame, CA, USA) for 2 h. After a 30 min incubation with 0.3% hydrogen peroxide for 30 min
to inactivate endogenous peroxidase, sections were incubated for 2 h with an avidin–biotinylated
horseradish peroxidase complex (Vectastain ABC Kit, Vector Laboratories, Burlingame, CA, USA).
Fos-IR was visualized using the diaminobenzidine–nickel staining method and quantified by counting
the number of Fos-IR positive nuclei in dlST and AcS.

4.4. Microinjection Study

DCS was microinjected into the SNc (−6.0 mm anterior to the bregma, ±2.2 mm lateral to the
midline, 6.2 mm inferior to the brain surface) or dlST (+1.0 mm anterior to the bregma, ±1.0 mm lateral
to the midline, 3.5 mm inferior to the brain surface) [50] in rats, according to a previously reported
method [51]. Under pentobarbital (80 mg/kg, i.p.) anesthesia, male SD rats were fixed in a stereotaxic
frame (Narishige, SR-6, Tokyo, Japan). Stainless steel-guide cannulae were then inserted into a position
1 mm above the bilateral SNc or dlST and fixed to the skull with dental cement. After a recovery period
(ca. 1 week), animals were subjected to microinjection experiments.

On the day of the experiment, injection cannulae were inserted into the SNc or dlST through the
guide cannulae. Under freely-moving conditions, DCS (10 µg/1 µL/site) was injected into the SNc or
dlST at a flow rate of 0.25 µL/min for 4 min using a microinjection pump (KDS220; Kd Scientific Inc.,
Holliston, MA, USA). Control animals were given the same volume of vehicle alone. Fifteen min after
the DCS microinjection, animals were injected with HAL (1 mg/kg, i.p.) and, 30 min later, subjected
to the catalepsy test in order to evaluate the induction of EPS [51]. When the same animals were
treated with a different drug (or vehicle) solution, the microinjection study was performed after a drug
withdrawal period of at least 4 days. After experiments, the brain was removed from animals under
pentobarbital (80 mg/kg, i.p.) anesthesia, and the position of each injection site was checked.

4.5. In Vivo Microdialysis Study

Under pentobarbital (40 mg/kg, i.p.) anesthesia, male SD rats were fixed in a stereotaxic
instrument (Narishige, SR-6, Tokyo, Japan). A guide cannula (diameter: 1 mm) was inserted into
a position 1 or 2 mm above the unilateral SNc or dlST and fixed to the skull using dental cement.
After a recovery period (ca. 1 week), animals were subjected to in vivo microdialysis experiments.
Briefly, a dialysis probe (Eicom, A-I-6-02, Kyoto, Japan) was inserted into the dlST through a guide
cannula and artificial cerebrospinal fluid (aCSF), containing NaCl 140 mM, KCl 2.4 mM, MgCl2
1.0 mM, CaCl2 1.2 mM, and NaHCO3 5.0 mM, was perfused at a flow rate of 1.5 µL/min using a
microperfusion pump (Eicom, ESP-32, Kyoto, Japan). Under freely-moving conditions, animals were
given DCS: 10 µg/1 µL/site was slowly injected into the SNc at flow rate of 0.25 µL/min for 4 min
using a microinfusion pump (KDS220; Kd Scientific Inc., Holliston, MA, USA). Dialysate samples
were collected into a microtube every 10 min (15 µL/sample), and analyzed for dopamine levels using
an HPLC-ECD system. The mobile phase consisted of 0.1 M acetic acid-citric acid buffer, 190 mg/L
1-octanesulfonic acid sodium, 5 mg/L EDTA 2 Na, pH 3.5, with 16% methanol pumped at a flow rate
of 230 µL/min. All data were analyzed using eDAQ Power Chrom (eDAQ Pty Ltd., Denistone East,
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NSW, Australia). Extracellular dopamine levels were expressed as a percentage of the basal control
level (steady state), which was the mean of six points before the application of DCS, in each animal.

After experiments, animals were deeply anesthetized with pentobarbital (80 mg/kg, i.p.) and the
brain was removed from the skull. Coronal sections (thickness of 100 µm) were prepared from each
brain using a microslicer (DSK, Kyoto, Japan) and the position of each injection site was checked.

4.6. Drugs

HAL, DCS, D-serine, glycine, sodium benzoate, dizocilpine, L-NAME, and CNQX were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The Vectastain ABC kit and DAB substrate were purchased
from Vector Laboratories (Burlingame, CA, USA). All other reagents were obtained from commercial
sources. HAL was dissolved in 1% lactate solution and then diluted with physiological saline.
Other agents were dissolved in physiological saline. All drugs were injected intraperitoneally in
a volume of 5 mL/kg into mice or 1 mL/kg into rats.

4.7. Statistical Analysis

Data are expressed as the mean ± S.E.M. The significance of differences among multiple groups
was assessed by a one-way ANOVA followed by Tukey’s test or Kruskal−Wallis test (nonparametric
one-way ANOVA) followed by the Steel−Dwass post-hoc test. Comparisons between only two groups
were performed by the non-parametric Mann-Whitney U-test or parametric Student’s t-test. A p-value
of less than 0.05 was considered significant.
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Abbreviations

AcS Shell region of the nucleus accumbens
DCS D-Cycloserine
dlST Dorsolateral striatum
EPS Extrapyramidal side effects
HAL Haloperidol
IR Immunoreactivity
L-NAME L-NG-Nitro-L-arginine methyl ester
NMDA N-Methyl-D-aspartate
NOS Nitric oxide synthase
SNc Substantia nigra pars compacta

References

1. Meltzer, H.Y. The mechanism of action of novel antipsychotic drugs. Schizophr. Bull. 1991, 17, 263–287.
[CrossRef] [PubMed]

2. Kapur, S.; Remington, G. Atypical antipsychotics: New directions and new challenges in the treatment of
schizophrenia. Annu. Rev. Med. 2001, 52, 503–517. [CrossRef] [PubMed]

3. Ohno, Y. Therapeutic role of 5-HT1A receptors in the treatment of schizophrenia and Parkinson’s disease.
CNS Neurosci. Ther. 2011, 17, 58–65. [CrossRef] [PubMed]

4. Shimizu, S.; Mizuguchi, Y.; Ohno, Y. Improving the treatment of schizophrenia: Role of 5-HT receptors
in modulating cognitive and extrapyramidal motor functions. CNS Neurol. Disord. Drug Targets 2013, 12,
861–869. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/schbul/17.2.263
http://www.ncbi.nlm.nih.gov/pubmed/1679253
http://dx.doi.org/10.1146/annurev.med.52.1.503
http://www.ncbi.nlm.nih.gov/pubmed/11160792
http://dx.doi.org/10.1111/j.1755-5949.2010.00211.x
http://www.ncbi.nlm.nih.gov/pubmed/21091640
http://dx.doi.org/10.2174/18715273113129990088
http://www.ncbi.nlm.nih.gov/pubmed/23844689


Int. J. Mol. Sci. 2017, 18, 1416 10 of 12

5. Meltzer, H.Y.; Stahl, S.M. The dopamine hypothesis of schizophrenia: A review. Schizophr. Bull. 1976, 2,
19–76. [CrossRef] [PubMed]

6. Seeman, P. Dopamine receptors and the dopamine hypothesis of schizophrenia. Synapse 1987, 1, 133–152.
[CrossRef] [PubMed]

7. Ohno, Y.; Ishida-Tokuda, K.; Ishibashi, T.; Sakamoto, H.; Tagashira, R.; Horisawa, T.; Yabuuti, K.;
Matsumoto, K.; Kawabe, A.; Nakamura, M. Potential role of 5-HT2 and D2 receptor interaction in the
atypical antipsychotic action of the novel succimide derivative, perospirone. Pol. J. Pharmacol. 1997, 49,
213–219. [PubMed]

8. Meltzer, H.Y.; Li, Z.; Kaneda, Y.; Ichikawa, J. Serotonin receptors: Their key role in drugs to treat
schizophrenia. Prog. Neuropsychopharmacol. Biol. Psychiatry 2003, 27, 1159–1172. [CrossRef] [PubMed]

9. Ohno, Y. New insight into the therapeutic role of 5-HT1A receptors in central nervous system disorders.
Cent. Nerv. Syst. Agents Med. Chem. 2010, 10, 148–157. [CrossRef] [PubMed]

10. Cull-Candy, S.; Brickley, S.; Farrant, M. NMDA receptor subunits: Diversity, development and disease.
Curr. Opin. Neurobiol. 2001, 11, 327–335. [CrossRef]

11. Lee, C.H.; Lü, W.; Michel, J.C.; Goehring, A.; Du, J.; Song, X.; Gouaux, E. NMDA receptor structures reveal
subunit arrangement and pore architecture. Nature 2014, 511, 191–197. [CrossRef] [PubMed]

12. Dingledine, R.; Borges, K.; Bowie, D.; Traynelis, S.F. The glutamate receptor ion channels. Pharmacol. Rev.
1999, 51, 7–61. [PubMed]

13. Javitt, D.C.; Zukin, S.R. Recent advances in the phencyclidine model of schizophrenia. Am. J. Psychiatry 1991,
148, 1301–1308. [PubMed]

14. Olney, J.W.; Farber, N.B. Glutamate receptor dysfunction and schizophrenia. Arch. Gen. Psychiatry 1995, 52,
998–1007. [CrossRef] [PubMed]

15. Coyle, J.T. The glutamatergic dysfunction hypothesis for schizophrenia. Harv. Rev. Psychiatry 1996, 3,
241–253. [CrossRef] [PubMed]

16. Lees, K.R. Cerestat and other NMDA antagonists in ischemic stroke. Neurology 1997, 49, S66–S69. [CrossRef]
[PubMed]

17. Serafini, G.; Howland, R.H.; Rovedi, F.; Girardi, P.; Amore, M. The role of ketamine in treatment-resistant
depression: A systematic review. Curr. Neuropharmacol. 2014, 12, 444–461. [CrossRef] [PubMed]

18. Deardorff, W.J.; Grossberg, G.T. Pharmacotherapeutic strategies in the treatment of severe Alzheimer’s
disease. Expert Opin. Pharmacother. 2016, 17, 1789–1800. [CrossRef] [PubMed]

19. Krystal, J.H.; Karper, L.P.; Seibyl, J.P.; Freeman, G.K.; Delaney, R.; Bremner, J.D.; Heninger, G.R.; Bowers, M.B.;
Charney, D.S. Subanesthetic effects of the noncompetitive NMDA antagonist, ketamine, in humans.
Psychotomimetic, perceptual, cognitive, and neuroendocrine responses. Arch. Gen. Psychiatry 1994, 51,
199–214. [CrossRef] [PubMed]

20. Jentsch, J.D.; Roth, R.H. The neuropsychopharmacology of phencyclidine: From NMDA receptor
hypofunction to the dopamine hypothesis of schizophrenia. Neuropsychopharmacology 1999, 20, 201–225.
[CrossRef]

21. Krystal, J.H.; D’Souza, D.C.; Petrakis, I.L.; Belger, A.; Berman, R.M.; Charney, D.S.; Abi-Saab, W.; Madonick, S.
NMDA agonists and antagonists as probes of glutamatergic dysfunction and pharmacotherapies in
neuropsychiatric disorders. Harv. Rev. Psychiatry. 1999, 7, 125–143. [CrossRef] [PubMed]

22. Kim, J.S.; Kornhuber, H.H.; Holzmüller, B.; Schmid-Burgk, W.; Mergner, T.; Krzepinski, G. Reduction of
cerebrospinal fluid glutamic acid in Huntigton’s chorea and in schizophrenic patients. Arch. Psychiatry
Nervenkr. 1980, 228, 7–10. [CrossRef]

23. Coyle, J.T. NMDA receptor and schizophrenia: A brief history. Schizophr. Bull. 2012, 38, 920–926. [CrossRef]
[PubMed]

24. Ferraris, D.V.; Tsukamoto, T. Recent advances in the discovery of D-amino acid oxidase inhibitors and their
therapeutic utility in schizophrenia. Curr. Pharm. Des. 2011, 17, 103–111. [CrossRef] [PubMed]

25. Goff, D.C. D-Cycloserine: An evolving role in learning and neuroplasticity in schizophrenia. Schizophr. Bull.
2012, 38, 936–941. [CrossRef] [PubMed]

26. Iha, H.A.; Kunisawa, N.; Tokudome, K.; Mukai, T.; Kinboshi, M.; Shimizu, S.; Ohno, Y. Immunohistochemical
analysis of Fos protein expression for exploring brain regions related to central nervous system disorders
and drug actions. In In Vivo Neuropharmacology and Neurophysiology; Philippou, A., Ed.; Springer: New York,
NY, USA, 2016; pp. 389–408.

http://dx.doi.org/10.1093/schbul/2.1.19
http://www.ncbi.nlm.nih.gov/pubmed/779020
http://dx.doi.org/10.1002/syn.890010203
http://www.ncbi.nlm.nih.gov/pubmed/2905529
http://www.ncbi.nlm.nih.gov/pubmed/9437764
http://dx.doi.org/10.1016/j.pnpbp.2003.09.010
http://www.ncbi.nlm.nih.gov/pubmed/14642974
http://dx.doi.org/10.2174/187152410791196341
http://www.ncbi.nlm.nih.gov/pubmed/20518729
http://dx.doi.org/10.1016/S0959-4388(00)00215-4
http://dx.doi.org/10.1038/nature13548
http://www.ncbi.nlm.nih.gov/pubmed/25008524
http://www.ncbi.nlm.nih.gov/pubmed/10049997
http://www.ncbi.nlm.nih.gov/pubmed/1654746
http://dx.doi.org/10.1001/archpsyc.1995.03950240016004
http://www.ncbi.nlm.nih.gov/pubmed/7492260
http://dx.doi.org/10.3109/10673229609017192
http://www.ncbi.nlm.nih.gov/pubmed/9384954
http://dx.doi.org/10.1212/WNL.49.5_Suppl_4.S66
http://www.ncbi.nlm.nih.gov/pubmed/9371155
http://dx.doi.org/10.2174/1570159X12666140619204251
http://www.ncbi.nlm.nih.gov/pubmed/25426012
http://dx.doi.org/10.1080/14656566.2016.1215431
http://www.ncbi.nlm.nih.gov/pubmed/27450461
http://dx.doi.org/10.1001/archpsyc.1994.03950030035004
http://www.ncbi.nlm.nih.gov/pubmed/8122957
http://dx.doi.org/10.1016/S0893-133X(98)00060-8
http://dx.doi.org/10.3109/hrp.7.3.125
http://www.ncbi.nlm.nih.gov/pubmed/10483932
http://dx.doi.org/10.1007/BF00365738
http://dx.doi.org/10.1093/schbul/sbs076
http://www.ncbi.nlm.nih.gov/pubmed/22987850
http://dx.doi.org/10.2174/138161211795049633
http://www.ncbi.nlm.nih.gov/pubmed/21361869
http://dx.doi.org/10.1093/schbul/sbs012
http://www.ncbi.nlm.nih.gov/pubmed/22368237


Int. J. Mol. Sci. 2017, 18, 1416 11 of 12

27. Robertson, G.S.; Matsumura, H.; Fibiger, H.C. Induction patterns of Fos-like immunoreactivity in the
forebrain as predictors of atypical antipsychotic activity. J. Pharmacol. Exp. Ther. 1994, 271, 1058–1066.
[PubMed]

28. Tremblay, P.O.; Gervais, J.; Rouillard, C. Modification of haloperidol-induced pattern of c-fos expression by
serotonin agonists. Eur. J. Neurosci. 1998, 10, 3546–3555. [CrossRef] [PubMed]

29. Park, H.K.; Shishido, Y.; Ichise-Shishido, S.; Kawazoe, T.; Ono, K.; Iwana, S.; Tomita, Y.; Yorita, K.; Sakai, T.;
Fukui, K. Potential role for astroglial D-amino acid oxidase in extracellular D-serine metabolism and
cytotoxicity. J. Biochem. 2006, 139, 295–304. [CrossRef] [PubMed]

30. Huang, X.; Kong, H.; Tang, M.; Lu, M.; Ding, J.H.; Hu, G. D-Serine regulates proliferation and neuronal
differentiation of neural stem cells from postnatal mouse forebrain. CNS Neurosci. Ther. 2012, 18, 4–13.
[CrossRef] [PubMed]

31. Matsuura, A.; Fujita, Y.; Iyo, M.; Hashimoto, K. Effects of sodium benzoate on pre-pulse inhibition deficits
and hyperlocomotion in mice after administration of phencyclidine. Acta Neuropsychiatr. 2015, 27, 159–167.
[CrossRef] [PubMed]

32. Sershen, H.; Hashim, A.; Dunlop, D.S.; Suckow, R.F.; Cooper, T.B.; Javitt, D.C. Modulating NMDA receptor
function with D-amino acid oxidase inhibitors: understanding functional activity in PCP-treated mouse
model. Neurochem. Res. 2016, 41, 398–408. [CrossRef] [PubMed]

33. Noda, A.; Noda, Y.; Kamei, H.; Ichihara, K.; Mamiya, T.; Nagai, T.; Sugiura, S.; Furukawa, H.; Nabeshima, T.
Phencyclidine impairs latent learning in mice: Interaction between glutamatergic systems and sigma1
receptors. Neuropsychopharmacology 2001, 24, 451–460. [CrossRef]

34. Ohno, Y.; Shimizu, S.; Imaki, J.; Ishihara, S.; Sofue, N.; Sasa, M.; Kawai, Y. Anticataleptic 8-OH-DPAT
preferentially counteracts with haloperidol-induced Fos expression in the dorsolateral striatum and the core
region of the nucleus accumbens. Neuropharmacology 2008, 55, 717–723. [CrossRef] [PubMed]

35. Robertson, G.S.; Fibiger, H.C. Neuroleptics increase c-fos expression in the forebrain: Contrasting effects of
haloperidol and clozapine. Neuroscience 1992, 46, 315–328. [CrossRef]

36. Zahm, D.S.; Brog, J.S. On the significance of subterritories in the “Accumbens” part of the rat ventral striatum.
Neuroscience 1992, 50, 751–767. [CrossRef]

37. Ishibashi, T.; Tojima, R.; Nakamura, M.; Noguchi, H.; Ohno, Y. Effects of perospirone, a novel 5-HT2 and
D2 receptor antagonist, on Fos protein expression in the rat forebrain. Pharmacol. Biochem. Behav. 1999, 63,
535–541. [CrossRef]

38. Da Cunha, I.C.; Lopes, A.P.; Steffens, S.M.; Ferraz, A.; Vargas, J.C.; de Lima, T.C.; Neto, J.M.; Paschoalini, M.A.;
Faria, M.S. The microinjection of AMPA receptor antagonist into the accumbens shell, but not into the
accumbens core, induces anxiolysis in an animal model of anxiety. Behav. Brain Res. 2008, 188, 91–99.
[CrossRef] [PubMed]

39. Ishibashi, T.; Ikeda, K.; Ishida, K.; Yasui, J.; Tojima, R.; Nakamura, M.; Ohno, Y. Contrasting effects of
SM-9018,a potential atypical antipsychotic, and haloperidol on c-fos mRNA expression in the rat striatum.
Eur. J. Pharmacol. 1996, 303, 247–251. [CrossRef]

40. Mo, Y.Q.; Jin, X.L.; Chen, Y.T.; Jin, G.Z.; Shi, W.X. Effects of L-stepholidine on forebrain Fos expression:
Comparison with clozapine and haloperidol. Neuropshychopharmacology 2005, 30, 261–267. [CrossRef]
[PubMed]

41. Ohno, Y.; Shimizu, S.; Tokudome, K. Pathophysiological Roles of Serotonergic System in Regulating
Extrapyramidal Motor Functions. Biol. Pharm. Bull. 2013, 36, 1396–1400. [CrossRef] [PubMed]

42. Laruelle, M. Schizophrenia: From dopaminergic to glutamatergic interventions. Curr. Opin. Pharmacol. 2014,
14, 97–102. [CrossRef] [PubMed]

43. Heresco-Levy, U.; Ermilov, M.; Shimoni, J.; Shapira, B.; Silipo, G.; Javitt, D.C. Placebo-controlled
trial of D-cycloserine added to conventional neuroleptics, olanzapine, or risperidone in schizophrenia.
Am. J. Psychiatry 2002, 159, 480–482. [CrossRef] [PubMed]

44. Goff, D.C.; Cather, C.; Gottlieb, J.D.; Evins, A.E.; Walsh, J.; Raeke, L.; Otto, M.W.; Schoenfeld, D.; Green, M.F.
Once-weekly D-cycloserine effects on negative symptoms and cognition in schizophrenia: An exploratory
study. Schizophr. Res. 2008, 106, 320–327. [CrossRef] [PubMed]

45. Lane, H.Y.; Lin, C.H.; Green, M.F.; Hellemann, G.; Huang, C.C.; Chen, P.W.; Tun, R.; Chang, Y.C.; Tsai, G.E.
Add-on treatment of benzoate for schizophrenia: A randomized, double-blind, placebo-controlled trial of
D-amino acid oxidase inhibitor. JAMA Psychiatry 2013, 70, 1267–1275. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/7965768
http://dx.doi.org/10.1046/j.1460-9568.1998.00372.x
http://www.ncbi.nlm.nih.gov/pubmed/9824467
http://dx.doi.org/10.1093/jb/mvj036
http://www.ncbi.nlm.nih.gov/pubmed/16452318
http://dx.doi.org/10.1111/j.1755-5949.2011.00276.x
http://www.ncbi.nlm.nih.gov/pubmed/22280157
http://dx.doi.org/10.1017/neu.2015.1
http://www.ncbi.nlm.nih.gov/pubmed/25648314
http://dx.doi.org/10.1007/s11064-016-1838-8
http://www.ncbi.nlm.nih.gov/pubmed/26857796
http://dx.doi.org/10.1016/S0893-133X(00)00192-5
http://dx.doi.org/10.1016/j.neuropharm.2008.06.005
http://www.ncbi.nlm.nih.gov/pubmed/18585397
http://dx.doi.org/10.1016/0306-4522(92)90054-6
http://dx.doi.org/10.1016/0306-4522(92)90202-D
http://dx.doi.org/10.1016/S0091-3057(99)00015-5
http://dx.doi.org/10.1016/j.bbr.2007.10.023
http://www.ncbi.nlm.nih.gov/pubmed/18054805
http://dx.doi.org/10.1016/0014-2999(96)00139-2
http://dx.doi.org/10.1038/sj.npp.1300628
http://www.ncbi.nlm.nih.gov/pubmed/15578005
http://dx.doi.org/10.1248/bpb.b13-00310
http://www.ncbi.nlm.nih.gov/pubmed/23995648
http://dx.doi.org/10.1016/j.coph.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24524997
http://dx.doi.org/10.1176/appi.ajp.159.3.480
http://www.ncbi.nlm.nih.gov/pubmed/11870017
http://dx.doi.org/10.1016/j.schres.2008.08.012
http://www.ncbi.nlm.nih.gov/pubmed/18799288
http://dx.doi.org/10.1001/jamapsychiatry.2013.2159
http://www.ncbi.nlm.nih.gov/pubmed/24089054


Int. J. Mol. Sci. 2017, 18, 1416 12 of 12

46. Cain, C.K.; McCue, M.; Bello, I.; Creedon, T.; Tang, D.I.; Laska, E.; Goff, D.C. D-Cycloserine augmentation of
cognitive remediation in schizophrenia. Schizophr. Res. 2014, 153, 177–183. [CrossRef] [PubMed]

47. Shimizu, S.; Tatara, A.; Imaki, J.; Ohno, Y. Role of cortical and striatal 5-HT1A receptors in alleviating
antipsychotic-induced extrapyramidal disorders. Prog. Neuropsychopharmacol. Biol. Psychiatry 2010, 34,
877–881. [CrossRef] [PubMed]

48. Shimizu, S.; Mizuguchi, Y.; Sobue, A.; Fujiwara, M.; Morimoto, T.; Ohno, Y. Interaction between
anti-Alzheimer and antipsychotic drugs in modulating extrapyramidal motor disorders in mice.
J. Pharmacol. Sci. 2015, 127, 439–445. [CrossRef] [PubMed]

49. Tatara, A.; Shimizu, S.; Masui, A.; Tamura, M.; Minamimoto, S.; Mizuguchi, Y.; Ochiai, M.;
Mizobe, Y.; Ohno, Y. Atypical antipsychotic properties of AD-6048, a primary metabolite of blonanserin.
Pharmacol. Biochem. Behav. 2015, 138, 14–19. [CrossRef] [PubMed]

50. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 6th ed.; Elsevier: Cambridge, MA, USA, 2007.
51. Shimizu, S.; Mizuguchi, Y.; Tatara, A.; Kizu, T.; Andatsu, S.; Sobue, A.; Fujiwara, M.; Morimoto, T.;

Ohno, Y. 5-HT1A agonist alleviates serotonergic potentiation of extrapyramidal disorders via postsynaptic
mechanisms. Prog. Neuropsychopharmacol. Biol. Psychiatry 2013, 46, 86–91. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.schres.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24485587
http://dx.doi.org/10.1016/j.pnpbp.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20398719
http://dx.doi.org/10.1016/j.jphs.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25850380
http://dx.doi.org/10.1016/j.pbb.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26363311
http://dx.doi.org/10.1016/j.pnpbp.2013.06.016
http://www.ncbi.nlm.nih.gov/pubmed/23838274
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effects of Glycine-Site Stimulants of N-Methyl-d-aspartate (NMDA) Receptors on Haloperidol-Induced Bradykinesia 
	Effects of d-Cycloserine on Haloperidol-Induced Fos Expression 
	Microinjection and In Vivo Microdialysis Studies with d-Cycloserine 

	Discussion 
	Materials and Methods 
	Animals 
	Evaluation of Bradykinesia 
	Analysis of Fos Protein Expression 
	Microinjection Study 
	In Vivo Microdialysis Study 
	Drugs 
	Statistical Analysis 


