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Abstract Clozapine (CLZ) can improve both the positive
and negative symptoms of treatment-resistant schizophrenia
(TRS), which does not respond to typical antipsychotics.
This suggests that elucidation of the pharmacological
mechanism for CLZ could lead to further clarification of
the pathophysiology of TRS. This study examined the
effects of CLZ on phencyclidine (PCP)-induced hyper-
locomotion and on the acute increases in glutamate levels
that occur in the medial prefrontal cortex (mPFC) in order
to test the hypothesis that CLZ effect is associated with the
simultaneous enhancement of N-methyl-D-aspartate
(NMDA) and dopamine D1 receptor-mediated neurotrans-
mission. CLZ effect on PCP-induced hyperlocomotion and
increases in glutamate levels were examined by using
behavioral rating scores and in vivo microdialysis,
respectively. CLZ and haloperidol (HAL) dose-relatedly
attenuated PCP-induced hyperlocomotion, and concentra-
tion-relatedly blocked PCP-induced acute increases in
glutamate levels in the mPFC, with the decrease in saline-
induced locomotor activity induced by CLZ being much
weaker than that induced by HAL. CLZ also blocked, in a
dose-related manner, acute increases in glutamate levels in
the mPFC that were induced by local perfusion with a
competitive NMDA receptor antagonist, CPP, in this
region. Although an enhanced blocking effect of the sub-
threshold concentration of NMDA perfusion on PCP-

induced acute increases in glutamate levels in the mPFC
was noted after co-perfusion with a dopamine D1 receptor
agonist, SKF-38393, perfusion with SKF-38393 did not
reverse the CLZ blocking of PCP-induced increases in
glutamate levels. Therefore, CLZ may block PCP-induced
acute increases in glutamate levels in the mPFC by an
enhancement of the NMDA receptor-mediated neurotrans-
mission that is not accelerated by an enhanced dopaminer-
gic transmission via dopamine D1 receptors. This blocking
effect may partially explain the CLZ-induced attenuation of
PCP-induced hyperlocomotion.
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Introduction

In cases of treatment-resistant schizophrenia (TRS) that
have been diagnosed by the strict criteria developed by
Kane et al. (1988), clozapine (CLZ) can improve both
positive and negative symptoms along with cognitive
dysfunction. In TRS, symptoms and dysfunctions are
resistant to typical antipsychotics such as chlorpromazine
(Kane et al. 1988) and haloperidol (HAL) (Volavka et al.
2002; Bitter et al. 2004). Therefore, elucidation of the
pharmacological mechanisms of the action of CLZ might
lead to clarification of the pathophysiology of TRS and
help in discovering pharmacological mechanisms for novel
antipsychotics that would be effective in TRS treatment.

CLZ enhances N-methyl-D-aspartate (NMDA) receptor-
mediated neurotransmission in vitro (Arvanov et al. 1997;
Ninan et al. 2003). This enhancing effect is noteworthy
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because hypofunction of NMDA receptors is considered
part of the pathophysiology of dopamine D2 receptor
antagonist-resistant schizophrenia (Krystal et al. 2003;
Abekawa et al. 2003). Both phencyclidine (PCP) and
ketamine block NMDA receptors non-competitively. In
subjects who abuse PCP (Luisada 1978; Javitt and Zukin
1991) and who are also administered ketamine (Krystal
et al. 1994; Malhotra et al. 1996), these NMDA antagonists
induce not only schizophrenia-like positive symptoms such
as hallucinations and delusions, but also cause negative
symptoms such as a flattened affect and social withdrawal.
Additionally, each of these NMDA receptor antagonists can
individually produce cognitive dysfunctions. Administra-
tion of ketamine to schizophrenic patients worsens positive
symptoms that can be effectively treated by CLZ (Malhotra
et al. 1997). Even when administered in conjunction with
HAL, ketamine worsens the positive and negative symp-
toms of schizophrenic patients (Lahti et al. 1995). Taken
together, these findings suggest that the hypofunction of
NMDA receptors is part of the pathophysiology of
dopamine D2 receptor antagonist-resistant schizophrenia,
and that CLZ may possibly be able to improve this NMDA
receptor hypofunction.

The stimulating effect of CLZ on NMDA receptor-
mediated neurotransmission is enhanced by its activating
effect on dopamine D1 receptor-mediated dopaminergic
transmission in vitro (Chen and Yang 2001; Ninan and
Wang 2003; Wittmann et al. 2005). Therefore, we hypoth-
esized that CLZ can block the PCP-induced acute increases
in glutamate levels in the medial prefrontal cortex (mPFC)
through the activation of NMDA-mediated transmission
that is modulated by the stimulating effect on dopamine
D1 receptor-mediated transmission. Blocking these gluta-
mate increases could possibly attenuate the PCP-induced
abnormal behavior.

To examine the above hypothesis, the present study
examined the effects of CLZ on PCP-induced hyper-
locomotion and PCP-induced acute increases in glutamate
levels in the mPFC. Furthermore, this study also examined
the essential role of the simultaneous activation of NMDA
receptor- and dopamine D1 receptor-mediated neurotrans-
mission in the effect of CLZ.

Methods

Animals

Male Sprague-Dawley rats (SLC, Hamamatsu, Japan),
weighing 250–290 g at the start of the experiment, were
housed individually in a plastic cage 30×25×18 cm with a
wire mesh top and sawdust bedding. The animal house was
under controlled conditions of light (from 6:30 a.m. to

6:30 p.m.), temperature (24°C), and humidity (50%). They
were allowed free access to standard laboratory diet and tap
water. Animals were handled daily for at least 4 days before
the start of the experiment. This study was conducted in
accordance with a guide for the care and use of laboratory
animals regulated by Hokkaido University School of
Medicine and NIH guidelines on animal care.

Drugs

Phencyclidine hydrochloride (PCP) (synthesized in the
laboratory of Hokkaido University) was dissolved in saline.
Clozapine (gift from Sandoz Pharmaceutical, East Hanover,
NJ) and haloperidol (HAL; gift from Dainippon Pharmaceu-
tical, Osaka, Japan) were dissolved in 0.15% tartaric acid.
This experiment employed 0.3, 1, and 10 mg/kg CLZ and
0.01, 0.1, and 1 mg/kg HAL according to a recent report by
our group (Abekawa et al. 2003). The dose of PCP refers to
salt. All injections were given intraperitoneally as a volume
of 1 ml/kg. NMDA, CPP [(±)-3-(2-carboxypiperazin-4-yl)-
propyl-1-phosphonic acid], SKF-38393, and SCH-23390 (all
purchased from Sigma, St. Louis, MO), excluding vehicle
[artificial cerebrospinal fluid (aCSF)], were each dissolved in
aCSF, and perfused in the mPFC using the reverse dialysis
method. Concentrations of compounds were rationalized
according to previous studies (Abekawa et al. 2000, 2003;
Yonezawa et al. 1998; Ceglia et al. 2004).

Rating for locomotor activity

Visual observation of locomotor activity was conducted
during microdialysis, using the rating scale devised by
Sturgeon et al. (1979). Each animal was assigned a rating
score of 1–5 every 10 min for 160 min, and was observed
for 30 s before the assignment of a score. Ratings were
made by two observers, one of whom was unaware of the
treatment conditions. In most cases, the two observers gave
the same score. The inter-reliability between two observers
calculated using data from present experiment was very
high (>0.9). In cases of inconsistency, consensus was
reached by a quick review of the behavior. If two
behavioral scores were observed in an observational period,
both behavioral scores were recorded and the mean score
was used for statistical analysis. Definition of each score
for locomotor activity was as follows. 0: Stationary, with
little or no movement. 1: Movement within localized area
of cage; intermittent activity emitted at a low rate. 2:
Movement over a small area of cage; intermittent activity
emitted at a low–moderate rate. 3: Movement over small
area of cage; activity emitted continuously and at a mod-
erate–rapid rate. 4: Movement over large area of cage;
activity intermittent and emitted at a low–moderate rate.
5: Movement over large area of cage; activity emitted
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continuously and at a moderate–rapid rate. In our prelim-
inary study, the rating scores for PCP (7.5 mg/kg)-induced
locomotion using the rating score by Sturgeon et al. (1979)
significantly correlated with counts for PCP (7.5 mg/kg)-
induced hyperlocomotion using an infrared sensor (r=0.73,
P=0.003).

Microdialysis

Rats were implanted stereotaxically under pentobarbital
anesthesia (30 mg/kg, i.p.) with G-4 guide cannulae (Eicom,
Kyoto, Japan) leading to the surface of the mPFC (A:
+2.7 mm, L: 0.8 mm, DV: −1.8 mm). These coordinates
were with respect to the bregma, and according to the atlas of
Paxinos and Watson (1997). A dialysis probe made of
regenerated cellulose with an outer diameter of 220 μm
(BDP-IV-03, Eicom, Kyoto, Japan) was inserted into the
guide cannulae so that 3.0 mm of the probe was exposed to
the tissue of the mPFC. On the following day, in freely
moving rats, perfusion was started using artificial CSF
(147 mM NaCl, 2.4 mM KCl, 1.2 mM CaCl2 and 1.0 mM
MgCl2, pH 7.4) at a flow rate of 2 μl/min. Following initial
perfusion for 1.5 h, baseline samples were obtained every
20 min for 80 min. Dialysis samples were collected every
20 min for 220 min following the last baseline collection.
Dialysate samples were collected in microtubes containing
40 μl 50 mM acetic acid with 20 mg/l L-cysteine. A 20 μl
sample of the dialysate was used to quantify glutamate.

At the end of the microdialysis study, rats were killed
and then had their brains removed. After the termination of
each experiment, animals were anesthetized with pentobar-
bital and perfused intracardially with PBS, followed by 4%
paraformaldehyde. Brains were removed and post-fixed in
4% paraformaldehyde overnight, then stored in 30%
sucrose solution. Serial sections of brains were cut at
30 μm intervals and stained with cresyl violet. Probe
placement was verified microscopically. Success rate in this
study was more than 95%.

Biochemical measurement

The HPLC system consisted of a liquid chromatograph
pump (EP-300; Eicom), a degasser (DG-300; Eicom), a
fluorometric detector (FLD-370; Eicom), and a column
oven (ATC-300; Eicom). Eicompak SC-5 ODS 2.1×
150 mm (Eicom) was used for measuring the concentration
of glutamate. Analysis of glutamate was performed accord-
ing to the pre-column derivatization method described by
Lindroth and Mopper (1979) with minor modification.
The minimum level of detection for glutamate is around
10 fmol/μl (Eicom). The derivatization reagent was pre-
pared by dissolving 54 mg ο-phthalaldehyde (OPA) in 1 ml
99.9% methanol and 9 ml 0.1 M Na2CO3 (pH 9.5). This

solution (2.5 ml) was diluted 1:1 with 0.1 M Na2CO3, and
10 μl of β-mercaptoethanol was added. A 10 μl aliquot of
OPA derivatization reagent was added to 20 μl dialysate,
and, after a 2.5 min reaction period, 15 μl of the reactant was
injected into the HPLC system coupled with a fluorometric
detector with excitation and emission wavelengths of 340 nm
and 445 nm, respectively. The mobile phase consisted of
0.06 M NaH2PO4, 0.01 M Na2HPO4, 5 mg/l Na2-EDTA
(pH 6.0) and 30% (v/v) methanol. Flow rate was 0.3 ml/
min. Separation was conducted isocratically at 30°C.

Experimental protocol

1. Effects of systemically administered CLZ or HAL on
cumulated rating scores for PCP-induced hyperloco-
motion (0–160 min) and acute increases in glutamate
levels in the mPFC, and on cumulated scores for
locomotor activity and glutamate levels in this region
emerging after saline injection (see Figs. 1, 5, and
Table 1). For the behavioral study, CLZ (0.3, 1, and
10 mg/kg, i.p.), HAL (0.01, 0.1, and 1 mg/kg, i.p.),
and vehicle, were each injected at 0 min. PCP (7.5 mg/
kg, i.p.) and saline (1 ml/kg, i.p.) were each injected at
30 min. For the microdialysis study, CLZ (0.3, 1, and
10 mg/kg, i.p.), HAL (0.1 and 1 mg/kg, i.p.) and
vehicle were each injected at 60 min. PCP (7.5 mg/kg,
i.p.) and saline (1 ml/kg, i.p.) were each was injected at
90 min. Visual observation of locomotor activity was
conducted during the microdialysis study.

2. Effects of perfusion with NMDA, SKF-38393, or
co-perfusion with NMDA and SKF-38393 in the mPFC
on systemically administered PCP-induced acute in-
creases in glutamate levels in this region (see Fig. 2).
NMDA (10, 100 μM, and 1 M), SKF-38393 (20 and
200 μM), NMDA (10 μM) +SKF-38393 (20 μM),
NMDA (1 mM) +SKF-38393 (200 μM), and vehicle
(aCSF) were each perfused in the mPFC from 60 min
to 180 min. PCP (7.5 mg/kg, i.p.) was injected at 90 min.

3. Effects of perfusion with SCH-23390 in the mPFC on
systemically administered CLZ-induced blockade of
PCP-induced acute increases in glutamate levels (see
Fig. 3a) and on PCP-induced acute increases in
glutamate levels (Fig. 3b) in this region

A SCH-23390 (40 μM) was perfused in the mPFC
from 40 min to 180 min. Clozapine (10 mg/kg, i.p.)
and vehicle was injected at 60 min. PCP (7.5 mg/
kg, i.p.) was injected at 90 min.

B SCH-23390 (40 μM) and vehicle (aCSF), were
each perfused in the mPFC from 60 min to
180 min. PCP was injected at 90 min.

4. Effects of systemically administered CLZ or perfusion
with NMDA in the mPFC on locally perfused CPP-

Naunyn-Schmiedeberg’s Arch Pharmacol (2006) 374:177–193 179



induced acute increases in glutamate levels in this
region (see Fig. 4)

A Clozapine (1 and 10 mg/kg, i.p.) and vehicle were
each injected at 60 min. CPP (200 μM) was
perfused in the mPFC from 60 min to 180 min.

B NMDA (10, 100 μM, and 1 mM) and vehicle
(aCSF) were each perfused in the mPFC from
60 min to 180 min. CPP (200 μM) was co-perfused
with NMDA in the mPFC from 60 min to 180 min.

5. Effects of perfusion with CPP or SCH-23390 in the mPFC
on systemically administered CLZ-induced delayed
increases in glutamate levels in this region (see Fig. 5b).
CPP (200 μM) SCH-23390 (40 μM), and vehicle (aCSF)
were each perfused in the mPFC from 60 min to 180 min.
Clozapine (10 mg/kg, i.p.) and vehicle were each injected
at 60 min. Saline (1 ml/kg) was injected at 90 min.

6. Effects of perfusion with NMDA, SKF-38393, or
co-perfusion with NMDA and SKF-38393 in the mPFC
on basal glutamate levels in this region emerging after
saline injection (see Fig. 6). NMDA (10,100 μM, and
1 mM), NMDA (1 mM)+CPP (200 μM), SKF-38393
(20 and 200 μM), SKF-38393 (200 μM)+SCH-23390
(40 μM), NMDA (10 μM)+SKF-38393 (20 μM),
NMDA (1 mM)+SKF-38393 (200 μM), and vehicle
(aCSF) were each perfused in the mPFC from 60 min
to 180 min. Saline (1 ml/kg, i.p.) was injected at
90 min.

Statistics

Data from extracellular concentrations of glutamate were
analyzed by a repeated two-way ANOVA using treatment
group as the between-subject variable and time as the repeated
measures variable (defined as P<0.05). A post-hoc Duncan
new multiple range test was then used to determine which
group significantly differed from the others. Cumulated
scores for locomotor activity (0–160 min) were analyzed

by a one-way ANOVA followed by post-hoc Duncan tests
(P<0.05).

Results

Effects of CLZ or HAL on cumulated rating scores
for PCP-induced hyperlocomotion and on locomotor
activity emerging after saline injection

Systemic administration of CLZ at 10 and 1 mg/kg, but not
0.3 mg/kg reduced cumulated rating scores for PCP
(7.5 mg/kg)-induced hyperlocomotion (Table 1). Systemic
administration of HAL at 1 mg/kg, but not 0.1 mg/kg
and 0.01 mg/kg, reduced cumulated rating scores for
PCP (7.5 mg/kg)-induced hyperlocomotion. Clozapine at
10 mg/kg, but not 1 mg/kg and 0.3 mg/kg, reduced cumu-
lated rating scores for locomotor activity emerging after
saline injection. HAL at 0.1 and 1 mg/kg, but not 0.01
mg/kg, reduced cumulated rating scores for locomotor
activity emerging after saline injection.

Effects of systemically administered CLZ or HAL
on PCP-induced acute increases in glutamate levels
in the mPFC

Systemic administration of CLZ at 10 and 1 mg/kg, but not
0.3 mg/kg inhibited PCP (7.5 mg/kg)-induced acute increases
in glutamate levels in the mPFC (Fig. 1a). Basal levels of
glutamate (pmol/μl) for vehicle/saline (n=6), vehicle/PCP
(n=8), CLZ (0.3) /PCP (n=7), CLZ (1) /PCP (n=6), and CLZ
(10)/PCP (n=10) groups were 0.31±0.057, 0.40±0.056,
0.39±0.079, 0.35±0.074, and 0.46±0.045, respectively. Sys-
temic administration of HAL at 1 mg/kg, but not 0.1 mg/kg
inhibited PCP (7.5 mg/kg)-induced acute increases in glutamate
levels in the mPFC (Fig. 1b). Basal levels of glutamate (pmol/
μl) for vehicle/saline (n=6), vehicle/PCP (n=8), HAL (0.1)/
PCP (n=6), HAL (1)/PCP (n=8) groups are 0.31±0.057,
0.40±0.056, 0.33±0.086, and 0.38±0.054, respectively.

Table 1 Effects of clozapine (CLZ) and haloperidol (HAL) on cumulated rating scores(0–160 min) for phencyclidine (PCP)- or saline-induced
locomotor activity

Groups of experiments Cumulated scores Groups of experiments Cumulated scores

Vehicle/saline(n=6) 25.83±2.09 Vehicle/saline(n=7) 37.67±1.02
Vehicle/PCP(n=8) 61.13±2.08 * −
CLZ(0.3 mg/kg)/PCP(n=8) 59.50±2.30 * CLZ(0.3 mg/kg)/saline(n=6) 37.75±0.73
CLZ(1 mg/kg)/PCP(n=8) 51.25±1.75 *,** CLZ(1 mg/kg)/saline(n=6) 35.75±0.62
CLZ(10 mg/kg)/PCP(n =10) 44.00±1.92 *,** CLZ(10 mg/kg)/saline(n =6) 26.17±1.01 *
HAL(0.01 mg/kg)/PCP(n =8) 56.00±1.89 * HAL(0.01 mg/kg)/saline(n =6) 37.00±0.27
HAL(0.1 mg/kg)/PCP(n=8) 52.25±2.68 * HAL(0.1 mg/kg)/saline(n=6) 26.75±0.86 *
HAL(1 mg/kg)/PCP(n =8) 28.50±1.45 ** HAL(1 mg/kg)/saline(n=7) 20.00±0.52 *

Values represents mean±SEM
*P<0.01 vs vehicle/saline group, ** P<0.01, vs vehicle/PCP group
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Fig. 1a, b Effect of systemically
administered clozapine (CLZ;
0.3, 1, and 10 mg/kg) or haloper-
idol (HAL; 0.1 and 1 mg/kg) on
phencyclidine (PCP; 7.5 mg/kg)-
induced acute increases in gluta-
mate levels in the medial
prefrontal cortex (mPFC) and
glutamate levels in this region
emerging after saline injection. a
For CLZ data, repeated two-way
ANOVA revealed a significant
effect of group×time interaction
[F (40, 320)=2.31, P<0.01], an
effect of group [F (4, 32)=3.97,
P < 0.01], and an effect of time
[F (10, 320)=2.04, P<0.05].
* P<0.05 vs vehicle/saline;
# P<0.01 vs vehicle/saline;
aP<0.05, CLZ (10)/PCP vs ve-
hicle/PCP, CLZ (1)/PCP vs ve-
hicle/PCP; bP<0.01, CLZ (10)/
PCP vs vehicle/PCP, CLZ (1)/
PCP vs vehicle/PCP (post-hoc
test). b For HAL data, repeated
two-way ANOVA revealed a
significant effect of group×time
interaction [F (30, 240)=1.90,
P < 0.01], an effect of group [F
(3, 24)=3.44, P<0.05], and an
effect of time [F (10, 240)=3.63,
P<0.01]. * P<0.05 vs vehicle/
saline; # P<0.01 vs vehicle/
saline; aP<0.05, HAL (1)/PCP
vs vehicle/PCP; bP<0.01, HAL
(1)/PCP vs vehicle/PCP (post-
hoc test). For the microdialysis
study, CLZ (0.3, 1, and 10 mg/
kg, i.p.), HAL (0.1 and 1 mg/kg,
i.p.) and vehicle were each
injected at 60 min (white
arrows). PCP (7.5 mg/kg, i.p.)
and saline (1 ml/kg, i.p.) were
each was injected at 90 min
(black arrows)
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Fig. 2a–c Effect of locally ad-
ministered N-methyl-D-aspartate
(NMDA; 10, 100 μM, and
1 mM), SKF-38393 (20 and
200 μM), or co-perfusion with
NMDA (10 μM, 1 mM) and
SKF-38393 (20 and 200 μM) on
PCP (7.5 mg/kg)-induced acute
increases in glutamate levels and
basal glutamate levels in the
mPFC. a A repeated two-way
ANOVA revealed a significant
effect of group×time interaction
[F (40, 280)=2.48, P<0.01], an
effect of group [F (4, 28)=6.39,
P<0.01], and an effect of time [F
(10, 280)=5.05, P<0.01].
* P<0.05 vs vehicle/saline; # P
<0.01 vs vehicle/saline; bP<
0.01, NMDA (1 mM)/PCP vs
vehicle/PCP, NMDA (100 μM)/
PCP vs vehicle/PCP (post-hoc
test). b A repeated two-way
ANOVA revealed a significant
effect of group×time interaction
[F (30, 230)=2.60, P<0.01], an
effect of group [F (3, 23)=5.02,
P<0.01], and an effect of time [F
(10, 230)=4.53, P<0.01]. *P<
0.05 vs vehicle/saline; # P<0.01
vs vehicle/saline (post-hoc test).
c A repeated two-way ANOVA
revealed a significant effect of
group×time interaction [F (30,
220)=1.77, P<0.05], an effect of
group [F (3, 22)=8.19, P<0.01],
and an effect of time [F (10, 220)=
3.95, P<0.01]. * P<0.05 vehicle/
PCP vs vehicle/saline; # P<0.01
vehicle/PCP vs vehicle/saline;
aP<0.05, NMDA (10)+
SKF38393 (10)/PCP vs vehicle/
PCP; NMDA (1 mM)+
SKF38393 (200)/PCP vs vehicle/
PCP; bP<0.01, NMDA (10)+
SKF38393 (10)/ PCP vs vehicle/
PCP; NMDA (1 mM)+
SKF38393 (200)/PCP vs vehicle/
PCP (post-hoc test). NMDA (10,
100 μM, and 1 M), SKF-38393
(20 and 200 μM), NMDA
(10 μM) +SKF-38393 (20 μM),
NMDA (1 mM) +SKF-38393
(200 μM), and vehicle (aCSF)
were each perfused in the mPFC
from 60 min to 180 min. PCP
(7.5 mg/kg, i.p.) was injected at
90 min (black arrow)
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Effects of perfusion with NMDA, SKF 38393, or co-perfusion
with NMDA and SKF-38393 in the mPFC on PCP-induced
acute increases in glutamate levels in this region

Perfusion with NMDA in the mPFC at a concentration of
100 μM or 1 mM inhibited PCP (7.5 mg/kg)-induced acute
increases in glutamate levels in the mPFC (Fig. 2a).
Perfusion with NMDA at any concentration did not induce
delayed increases in glutamate levels after inhibiting the
PCP-induced acute increases in glutamate levels. Basal
levels of glutamate (pmol/μl) for vehicle/saline (n=6),
vehicle/PCP (n=6), NMDA (10 μM)/PCP (n=6), NMDA
(100 μM)/PCP (n=8), and NMDA (1 mM)/PCP (n=7)
groups were 0.55±0.084, 0.43±0.046, 0.31±0.046, 0.32±
0.047, and 0.32±0.051, respectively.

Perfusion with SKF-38393 in the mPFC at a concentra-
tion of 20 μM or 200 μM did not inhibit PCP (7.5 mg/kg)-
induced acute increases in glutamate levels, and 200 μM of
SKF-38393 induced delayed increases in glutamate levels
in the mPFC following the PCP-induced acute effect on
glutamate levels (Fig. 2b). Basal levels of glutamate (pmol/
μl) for vehicle/saline (n=6), vehicle/PCP (n=7),
SKF38393 (20 μM)/PCP (n=6), SKF38393 (200 μM)/
PCP (n=7) groups were 0.55±0.082, 0.52±0.066, 0.44±
0.087, and 0.63±0.087, respectively.

Co-perfusion with NMDA (10 μM) and SKF-38393
(20 μM), each of which alone had no effect on PCP-
induced acute increases in glutamate levels, completely
blocked the PCP-induced acute increase in glutamate levels

in the mPFC. Furthermore, co-perfusion with NMDA
(1 mM) and SKF-38393 (200 μM) also inhibited PCP-
induced acute increases in glutamate levels in the mPFC
(Fig. 2c). Basal levels of glutamate (pmol/μl) for vehicle/
saline (n=6), vehicle/PCP (n=6), NMDA (10)+SKF38393
(20)/PCP (n=7), and NMDA (1 mM)+SKF38393 (200)/
PCP (n=7) groups were 0.55±0.100, 0.43±0.118, and
0.39±0.046, respectively.

Effects of perfusion with SCH-23390 in the mPFC on
systemically administered CLZ-induced blockade of
PCP-induced acute increases in glutamate levels and on
PCP-induced acute increases in glutamate levels in this
region

Perfusion with SCH-23390 (40 μM) did not reverse the CLZ
(10 mg/kg)-induced blocking of PCP-induced acute
increases in glutamate levels in the mPFC (Fig. 3a). Basal
levels of glutamate (pmol/μl) for vehicle/PCP (n=7), CLZ/
PCP (n=8), and SCH23390+CLZ/PCP (n=6) groups were
0.43±0.13, 0.46±0.045, and 0.36±0.093, respectively.

Perfusion with SCH-23390 (40 μM) had no effect on
PCP-induced acute increases in glutamate levels in the
mPFC, and had no effect on basal glutamate levels emerg-
ing after saline injection (Fig. 3b). Basal levels of glutamate
for vehicle/saline (n=6), vehicle/PCP (n=7), SCH23390
(40)/PCP (n=7), and SCH23390 (40)/saline (n=7) groups
were 0.55±0.082, 0.43±0.133, 0.43±0.098, and 0.42±
0.028, respectively.

Fig. 2 (continued)
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Fig. 3a, b Effect of locally
administered SCH-23390
(40 μM) on the CLZ (10 mg/
kg)-induced blockade of PCP
(7.5 mg/kg)-induced acute
increases in the mPFC, and PCP
(7.5 mg/kg)-induced acute
increases in glutamate levels in
this region. a A repeated two-
way ANOVA revealed a signif-
icant effect of group×time
interaction [F (20, 170)=8.74,P
<0.01], an effect of group [F (2,
17)=13.32, P<0.05], and an
effect of time [F (10, 170)=
4.36, P<0.01]. * P<0.05 vs
vehicle/PCP; # P<0.01, vs ve-
hicle/PCP; aP<0.05, CLZ/PCP
vs SCH23390+CLZ/PCP; bP<
0.01, CLZ/PCP vs SCH23390+
CLZ/PCP (post-hoc test). SCH-
23390 (40 μM) was perfused in
the mPFC from 40 min to
180 min. Clozapine (10 mg/kg,
i.p.) and vehicle was injected at
60 min (white arrow). PCP
(7.5 mg/kg, i.p.) was injected at
90 min (black arrow). b) A
repeated two-way ANOVA
revealed a significant effect of
group×time interaction [F (30,
230)=9.90, P<0.01], an effect
of group [F (3, 23)=18.82, P<
0.01], and an effect of time [F
(10, 230)=28.50, P<0.01].
* P<0.05 vs vehicle/saline;
# P<0.01 vs vehicle/saline
(post-hoc test). SCH-23390
(40 μM) and vehicle (aCSF),
were each perfused in the mPFC
from 60 min to 180 min. PCP
was injected at 90 min (black
arrow)
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Fig. 4a, b Effect of systemi-
cally administered CLZ (1 and
10 mg/kg) or locally adminis-
tered NMDA(10, 100 μM, and
1 mM) on locally applied CPP
(200 μM)-induced acute
increases in glutamate levels in
the mPFC. a For CLZ data, a
repeated two-way ANOVA
revealed a significant effect of
group×time interaction [F (30,
210)=3.52, P<0.01], an effect
of group [F (3, 21)=3.96,
P<0.05], and an effect of time
[F (10, 210)=10.19, P<0.01].
* P<0.05 vs vehicle/vehicle;
# P<0.01 vs vehicle/vehicle;
aP<0.05, CLZ(10)/CPP vs ve-
hicle/CPP; bP<0.01, CLZ(10)/
CPP vs vehicle/CPP(post-hoc
test). Clozapine (1 and 10 mg/
kg, i.p.) and vehicle were each
injected at 60 min (white ar-
row). CPP (200 μM) was per-
fused in the mPFC from 60 min
to 180 min. b For NMDA data,
a repeated two-way ANOVA
revealed a significant effect of
group×time interaction [F (40,
260)=2.84, P<0.01], an effect
of group [F (4, 26)=4.35, P<
0.01], and an effect of time [F
(10, 260)=10.95, p<0.01]. # P
<0.01 vs vehicle/vehicle; aP<
0.05, NMDA (1 mM)/CPP vs
vehicle/CPP; bP<0.01 NMDA
(100 μM)/CPP vs vehicle/CPP
(post-hoc test). NMDA (10,
100 μM, and 1 mM) and vehicle
(aCSF) were each perfused in
the mPFC from 60 min to
180 min. CPP (200 μM) was co-
perfused with NMDA in the
mPFC from 60 min to 180 min
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Fig. 5a–c Effect of systemical-
ly administered CLZ or HAL on
glutamate levels in the mPFC
emerging after saline injection,
and effect of locally adminis-
tered CPP or SCH-23390 on the
CLZ-induced delayed increases
in basal glutamate levels in this
region a A repeated two-way
ANOVA revealed a significant
effect of group×time interaction
[F (20, 160)=5.25, P<0.01], an
effect of group [F (2, 16)=
14.92, P<0.05], and an effect of
time [F (10, 160)=5.01,
p<0.01].* P<0.05 vs vehicle/
saline; # P<0.01 vs vehicle/
saline; (post-hoc test). b A re-
peated two-way ANOVA
revealed a significant effect of
group×time interaction [F (30,
210)=4.57, P<0.01], an effect
of group [F (3, 21)=10.69,
P<0.01], and an effect of time
[F (10, 210)=5.11, P<0.01].
* P<0.05 CLZ/saline vs vehi-
cle/saline; # P<0.01, CLZ/sa-
line vs vehicle/saline; aP<0.05,
CPP+CLZ/saline vs CLZ/saline;
SCH23390+CLZ/saline vs
CLZ/saline; bP<0.01, CPP+
CLZ/saline vs CLZ/saline,
SCH23390+CLZ/saline vs
CLZ/saline(post-hoc test). c A
repeated two-way ANOVA did
not reveal a significant effect of
group×time interaction [F (20,
170)=0.63, P=0.89], an effect
of group [F (2, 17)=1.37, P=
0.28], nor an effect of time [F
(10, 170)=0.81, P=0.62]. CPP
(200 μM) SCH-23390 (40 μM),
and vehicle (aCSF) were each
perfused in the mPFC from
60 min to 180 min. Clozapine
(10 mg/kg, i.p.) and vehicle
were each injected at 60 min
(white arrows). Saline (1 ml/kg)
was injected at 90 min
(black arrows)
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Effects of systemically administered CLZ or perfusion
with NMDA in the mPFC on locally perfused CPP-induced
acute increases in glutamate levels in this region

Perfusion with CPP (200 μM) in the mPFC acutely
increased glutamate levels in this region. Systemic
administration of CLZ at 10 mg/kg, but not 1 mg/kg,
inhibited the CPP-induced acute increases in glutamate
levels in the mPFC (Fig. 4a). Basal levels of glutamate
(pmol/μl) for vehicle/vehicle (n=6), vehicle/CPP (n=6),
CLZ (1)/CPP (n=7), CLZ (10)/CPP (n=7) groups were
0.31±0.056, 0.52±0.076, 0.32±0.054, and 0.27±
0.060, respectively.

Perfusion with NMDA in the mPFC at a concentration of
1 mM or 100 μM inhibited CPP-induced acute increases in
glutamate levels in the mPFC (Fig. 4b). Basal levels of
glutamate (pmol/μl) for vehicle/vehicle (n=6), vehicle/CPP
(n=6), NMDA (10 μM)/CPP (n=7), NMDA (100 μM)/
CPP (n=6), and NMDA (1 mM)/CPP (n=6)groups were
0.53±0.074, 0.52±0.076, 0.52±0.065, 0.61±0.107, and
0.46±0.040, respectively.

Effects of systemically administered CLZ or HAL
on glutamate levels emerging after saline injection,
and effect of perfusion with CPP or SCH-23390
in the mPFC on systemically administered CLZ-induced
delayed increases in glutamate levels in this region

Systemic administration of CLZ at 10 mg/kg, but not
1 mg/kg, induced delayed increases in glutamate levels in
the mPFC (Fig. 5a). Basal levels of glutamate (pmol/μl)
for vehicle/saline (n=7), CLZ (1)/saline (n=6), and CLZ
(10)/saline (n=6) groups are 0.31±0.056, 0.46±0.044,
and 0.44±0.142, respectively.

Perfusion with CPP (200 μM) or SCH-23390 (40 μM)
inhibited CLZ-induced delayed increases in glutamate
levels in the mPFC (Fig. 5b). Basal levels of glutamate
(pmol/μl) for vehicle/saline (n=6), vehicle+CLZ/saline
(n=6), CPP+CLZ/saline (n=6), and SCH23390+CLZ/
saline (n=7) groups are 0.31±0.056, 0.44±0.142, 0.30±
0.062, and 0.56±0.120, respectively.

HAL at 1 or 0.1 mg/kg had no effect on basal levels of
glutamate in the mPFC (Fig. 5c). Basal levels of glutamate

Fig. 5 (continued)
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Fig. 6a–c Effect of locally ad-
ministered NMDA (10, 100 μM,
and 1 mM), SKF-38393 (20 and
200 μM), and co-perfusion with
NMDA (10 μM, 1 mM) and
SKF-38393 (20 and 200 μM) on
basal glutamate levels in the
mPFC. a A repeated two-way
ANOVA revealed a significant
effect of group×time interaction
[F (30, 232)=4.42,P<0.01], an
effect of group [F (3, 22)=3.80,
P<0.05], and an effect of time
[F (10, 220)=8.46, P<0.01].
* P<0.05, vs vehicle/saline;
# P<0.01, vs vehicle/saline;
bP<0.01, SKF38393(200)/PCP
vs vehicle/PCP (post-hoc test).
b A repeated two-way ANOVA
revealed a significant effect of
group×time interaction [F (30
210)=7.99, P<0.01], and an
effect of time [F (10, 210)=7.22,
P<0.01]. * P<0.05, vs vehicle/
saline; # P<0.01, vs vehicle/
saline; aP<0.01, SKF38393
(200 μM)/saline vs SKF38393
(200 μM)+SCH23390/saline;
bP<0.01, SKF38393(200 μM)/
saline vs SKF38393 (200 μM)+
SCH23390/saline (post-hoc
test). c A repeated two-way
ANOVA revealed a significant
effect of group×time interaction
[F (20, 170)=9.45, P<0.01], an
effect of group [F (2, 17)=
23.81, P<0.01], and an effect of
time [F (10, 170)=12.25,
P<0.01]. * P<0.05, NMDA
(10)+SKF38393(10)/saline vs
vehicle/saline; NMDA(1 mM)+
SKF38393(200)/saline vs vehi-
cle/saline; # P<0.01, NMDA
(10)+SKF38393 (10)/saline vs
vehicle/saline; NMDA(1 mM)+
SKF38393(200)/saline vs vehi-
cle/saline (post-hoc test).
NMDA (10,100 μM, and 1 mM),
NMDA (1 mM)+CPP (200 μM),
SKF-38393 (20 and 200 μM),
SKF-38393 (200 μM)+SCH-
23390 (40 μM), NMDA
(10 μM)+SKF-38393 (20 μM),
NMDA (1 mM)+SKF-38393
(200 μM), and vehicle (aCSF)
were each perfused in the mPFC
from 60 min to 180 min. Saline
(1 ml/kg, i.p.) was injected at
90 min (white arrows)
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(pmol/μl) for vehicle/saline (n=7), HAL (0.1)/saline (n=6),
and HAL (1)/saline (n=7) groups are 0.31±0.056, 0.31±
0.056, and 0.37±0.102, respectively.

Effects of perfusion with NMDA, SKF-38393,
or co-perfusion with NMDA and SKF-38393
in the mPFC on glutamate levels in this region
emerging after saline injection

Perfusion with NMDA in the mPFC at a concentration of
1 mM or 100 μM, but not 10 μM, induced delayed increases
in glutamate levels in the mPFC (Fig. 6a). Basal levels of
glutamate (pmol/μl) for vehicle/saline (n=6), NMDA
(10 μM)/saline (n=6), NMDA (100 μM)/saline (n=7),
NMDA (1 mM)/saline (n=7), and NMDA (1 mM)+CPP/
saline (n=6) groups were 0.53±0.074, 0.37±0.052, 0.46±
0.068, 0.62±0.063, and 0.46±0.040, respectively.

Perfusion with SKF-38393 at 200 μM, but not 20 μM,
initially decreased extracellular glutamate levels in the
mPFC, which was followed by delayed increases in gluta-
mate levels at post-perfusion; these changes were blocked
by co-perfusion with SCH-23390 (40 μM) (Fig. 6b). SKF-
38393 (20 μM) and SCH-23390 (40 μM) had no effect on
glutamate levels. Basal levels of glutamate (pmol/μl) for
vehicle/saline (n=7), SKF38393 (20)/saline, (n=6)
SKF38393 (200)/saline (n=6), and SKF38393 (200)+

SCH23390 (40)/saline (n=6) groups were 0.40±0.079,
0.30±0.025, 0.42±0.060, and 0.48±0.057, respectively.

Co-perfusion with NMDA (10 μM) and SKF-38393
(20 μM), each of which alone had no effect on basal
glutamate levels at these concentrations, induced delayed
increases in glutamate levels in the mPFC. Furthermore,
co-perfusion with NMDA (1 mM) and SKF-38393
(200 μM) markedly increased basal glutamate levels in
the mPFC, and the higher levels persisted after co-
perfusion (Fig. 6c). Basal levels of glutamate (pmol/μl)
for vehicle/saline (n=6), NMDA (10)+SKF38393 (20)/
saline (n=8), and NMDA (1 mM)+SKF38393 (200)/saline
(n=6) groups were 0.53±0.075, 0.58±0.098, and 0.35±
0.041, respectively.

Discussion

Origin of extracellular concentrations of glutamate levels
measured by microdialysis

Rowley et al. (1995) demonstrated that about 40% of
extracellular concentrations of glutamate measured by
microdialysis are derived from exocytotic mechanisms,
although a subsequent review (Timmerman and Westerink
1997) made the criticism that use of either the tetrodotoxin-

Fig. 6 (continued)
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infusion or calcium-depletion method may not be able to
accurately estimate the source of extracellular amino acid in
dialysates. In our preliminary experiments, perfusion with
100 mM KCl in the mPFC acutely increased extracellular
glutamate levels in this region (333±67.3% rise from basal
levels) (data not shown). Ceglia et al. (2004) showed that
TTX perfusion in the mPFC blocked a competitive NMDA
receptor antagonist, CPP-induced acute increases in gluta-
mate levels but not basal levels of glutamate in this region.
These findings suggest that increases in extracellular con-
centrations of glutamate may, at least in part, reflect changes
in the exocytotic release of glutamate from neurons.

Effects of CLZ on PCP-induced acute increases
in glutamate levels in the mPFC by enhancing NMDA
receptor-mediated neurotransmission

CLZ dose-relatedly inhibited PCP-induced acute increases
in glutamate levels, with a weak effect on motor activity
emerging after saline injection. Although HAL at 1 mg/kg
blocked PCP-induced acute increases in glutamate levels,
this dose of HAL completely blocked saline-induced motor
activity. Therefore, CLZ is much more effective than HAL
in blocking PCP-induced increases in glutamate levels in
the mPFC.

As discussed in a previous study (Abekawa et al. 2003),
a PCP-induced blockade of NMDA receptors on the
GABAergic interneurons in the mPFC (Yonezawa et al.
1998) disinhibits the cortico-cortical glutamatergic neurons
(Fonnum et al. 1981; Berendse et al. 1992), leading to
increases glutamate levels in the mPFC (Adams and
Moghaddam 1998; Moghaddam and Adams 1998; Krystal
et al. 2003).

Considering that there are also several in vitro studies that
have shown an effect by CLZ on NMDA receptors ex-
pressing on the glutamatergic pyramidal neurons (Arvanov
et al. 1997; Ninan et al. 2003), we can speculate that CLZ
may also be able to similarly enhance NMDA receptor-
mediated neurotransmission in GABAergic interneurons in
the mPFC. In fact, although there is a difference in ana-
tomical location from the mPFC, CLZ potentiates NMDA
receptor-mediated inhibitory neurotransmission in the nu-
cleus accumbens in vitro (Wittmann et al. 2005).

In the present study, systemically administered CLZ dose-
relatedly blocked locally applied CPP-induced acute increases
in glutamate levels in the mPFC. Similarly, Ceglia et al.
(2004) showed CPP-induced acute increases in glutamate
levels in the mPFC. In addition, CLZ at 1 mg/kg inhibited
PCP (7.5 mg/kg)- but not CPP (200 μM)-induced acute
increases in glutamate levels. The inability to block the CPP-
induced increases may be due to a larger blocking effect of
CPP than of PCP on NMDA receptors. However, these
findings at least suggest that CLZ enhances NMDA-

mediated neurotransmission in the mPFC. Taken together,
the results suggest that CLZ may enhance NMDA receptor-
mediated GABAergic neurotransmission in the mPFC,
leading to inhibition of PCP-induced acute increases in
glutamate levels. Also, although the highest dose of HAL
may activate NMDA-mediated neurotransmission, the ability
of this typical antipsychotic to enhance NMDA-mediated
transmission may be weaker than that of CLZ (ED50 in
stimulating NMDA-mediated neurotransmission: CLZ:
14 nmol/l ; HAL: 38 nmol/l) (Arvanov and Wang 1998).

Acceleration of CLZ-induced enhancement
of NMDA-mediated neurotransmission by dopamine
D1 receptor-mediated hyperdopaminergic state

In the mPFC, perfusion with NMDA concentration-depen-
dently inhibited PCP-induced acute increases in glutamate
levels, suggesting that stimulation of NMDA receptors
blocks the PCP-induced acute effect. However, perfusion of
the dopamine D1 receptor agonist, SKF-38393 had no
effect on the PCP-induced acute increases in glutamate
levels. This suggests that stimulation of the dopamine D1

receptor only has no effect on the PCP-induced effect.
When NMDA and SKF-38393 were co-perfused, concen-
trations that individually had no effect on PCP-induced
acute increases in glutamate levels, completely inhibited
the increase in glutamate levels. Although different from
the GABAergic neurons, the stimulation of dopamine D1

receptors enhances NMDA-induced EPSCs in the gluta-
matergic pyramidal neurons in the mPFC in vitro (Wang
and O’Donnell 2001; Gonzalez-Islas and Hablitz 2003).
Taken together, the stimulation of the dopamine D1 receptor
may accelerate NMDA receptor-mediated GABAergic
neurotransmission.

CLZ markedly increases dopamine levels in the mPFC
(Koyama et al. 1994). As the efficacy of CLZ in blocking
the dopamine D1 receptors is weak (Matsubara et al. 1993),
the CLZ-induced effect of increasing dopamine levels
may overcome its weak blocking effect on dopamine
D1 receptors. As a result, CLZ may enhance dopamine
D1 receptor-mediated neurotransmission (Ahlenius 1999;
Oerther and Ahlenius 2000). CLZ stimulates dopamine
D1 receptors, which then enhance the NMDA receptor-acti-
vating effect of this atypical antipsychotic (Chen and
Yang 2001; Ninan and Wang 2003). In the nucleus
accumbens, CLZ stimulates dopamine D1 receptors, which
enhances NMDA receptor-mediated neurotransmission
in vitro (Wittmann et al. 2005). However, in the present
study, perfusion with SKF-398393 did not reverse CLZ-
mediated blocking of PCP-induced increases in glutamate
levels. Taken together, the results suggest that, although
dopamine D1 receptor stimulation enhances the inhibitory
effect of NMDA on PCP-induced rise of glutamate levels, this
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mechanism does not contribute to the ability of CLZ to
prevent the effect of PCP on glutamatergic neurotransmission.

CLZ-induced delayed increases in glutamate levels

Similar to the study reported by Yamamoto et al. (1994),
we observed that a 10 mg/kg dose of CLZ induced delayed
increases in glutamate levels emerging after saline injec-
tion. These delayed increases were blocked by perfusion
with either CPP or SCH-23390. NMDA stimulates presyn-
aptic NMDA receptors on glutamatergic neuronal terminals
to increase glutamate levels in the mPFC (Arco and Mora
2002). SKF-38393 stimulates presynaptic dopamine D1

receptors on glutamatergic neuronal terminals to decrease
glutamate levels in this region (Abekawa et al. 2000). In the
present study, we found that delayed glutamate increases
were followed by initial decreases in glutamate levels.
Although there are differences between the mPFC and the
ventral tegmental area (VTA), similar dopamine D1

receptor agonist-induced biphasic changes in glutamate
levels in the VTA have been previously reported (Wolf and
Xue 1998). Based on these results, CLZ may have to
stimulate not only dopamine D1-mediated but also NMDA-
mediated neurotransmission in order to induce the delayed
increase in glutamate levels. In the present study, NMDA
and SKF-38393 co-perfusion induced delayed increases in
basal glutamate levels even though individual doses had no
effect on basal glutamate levels.

Effects of CLZ and HAL on PCP-induced hyperlocomotion

The present study has reconfirmed the attenuating effect
of CLZ on PCP-induced hyperlocomotion, with a much
weaker decrease in saline-induced locomotor activity in
response to CLZ than to HAL. Although small doses of
CLZ and HAL may attenuate a stress-induced dopamine
rise in the nucleus accumbens that directs locomotor
activity (Kelly and Iversen 1976), HAL (1 mg/kg) com-
pletely blocked spontaneous movement even before PCP
or saline injection (analysis of time course of locomotor
activity—data not shown). Therefore, the blocking effect
of HAL (1 mg/kg) on PCP-induced hyperlocomotion is
likely to be influenced by extrapyramidal dysfunction.

Microinjection of PCP bilaterally into the PFC produces
hyperlocomotion, and bilateral ibotenic acid lesions of the
PFC sharply blunt this PCP-induced hyperlocomotion
(Jentsch et al. 1998), suggesting that the primary site of
pharmacological action of PCP is the PFC. Application of
NMDA to the PFC was reported to inhibit PCP-induced
increases in extracellular dopamine levels (Umino et al. 1998)
and decreases in extracellular GABA levels (Yonezawa
et al. 1998) in this region. Data from the present study
suggest that PCP-induced hyperlocomotion depends on the

ability of PCP to increase extracellular glutamate levels in
the mPFC. To support this suggestion, we need to show
in future work, using microinjection techniques, that all
conditions (microinjection of NMDA or NMDA+SKF-
38393 to the bilateral mPFC) preventing the effect of PCP
on extracellular glutamate rise also prevent PCP-induced
hyperlocomotion.

Previously, our group (Abekawa et al. 2003) showed that
5-HT2A receptor blockade may inhibit PCP-induced acute
increases in glutamate levels in the mPFC. Consistently,
Ceglia et al. (2004) reported that a selective 5-HT2A recep-
tor antagonist, M100907, blocks CPP-induced increases
in glutamate levels in the mPFC. Therefore, CLZ might
block 5-HT2A receptors to inhibit PCP-induced increases in
glutamate levels.

Adams and Moghaddam (2001) have shown that CLZ
has no effect on PCP-induced increases in glutamate levels
in the PFC, nor does it have any effect on PCP-induced
hyperlocomotion. These results differ quite remarkably
from our findings. Such differences between previous
studies and the present work could be attributed to the
definition of mPFC, recovery and size of the probe.

In conclusion, both CLZ and HAL dose-relatedly
attenuated PCP-induced hyperlocomotion, and concen-
tration-relatedly blocked PCP-induced acute increases in
glutamate levels in the mPFC, with a much weaker
decrease in saline-induced locomotor activity by CLZ than
HAL. CLZ dose-relatedly blocked an acute increase in
glutamate levels in the mPFC induced by local perfusion
with a competitive NMDA receptor antagonist, CPP, in this
region. Although perfusion with a dopamine D1 receptor
agonist, SKF-38393, enhanced the blocking effect of a sub-
threshold concentration of NMDA perfusion in this region
on PCP-induced acute increases in glutamate, perfusion
with SKF-38393 did not reverse CLZ-mediated blocking of
PCP-induced acute increases in glutamate levels. Therefore,
CLZ might block the PCP-induced acute increases in
glutamate levels in the mPFC by enhancing NMDA
receptor-mediated neurotransmission in this region that is
not accelerated by enhanced dopaminergic transmission via
dopamine D1 receptors. CLZ and novel agents that enhance
both dopamine D1 and NMDA receptor-mediated trans-
mission can improve TRS-related pathophysiology.
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