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a b s t r a c t

Repeated phencyclidine (PCP) administration induces cognitive disruptions resembling those seen in
schizophrenia. Alterations in glutamate transmission and g-aminobutyric acid (GABA) function in the
prefrontal cortex (PFC) have been implicated in these PCP-induced deficits, as well as in cognitive symp-
toms of schizophrenia. PCP-induced cognitive deficits are reversed by chronic treatment with the atypical
antipsychotic clozapine in rats. We investigated the effects of a single injection vs. repeated administration
of PCP on glutamate levels in the PFC using in vivomicrodialysis. Furthermore, we examined how these PCP
regimens affect GABA neuronal markers in the PFC. Finally, we investigated the effects of clozapine on
disruptions in glutamate levels and GABA neuronalmarkers induced by repeated PCP administration. Acute
PCP administration (2 mg/kg) increased extracellular PFC glutamate; this increase appeared blunted, but
was not eliminated, after repeated PCP pretreatment. PCP administration also strongly decreased levels of
parvalbumin and glutamic acid decarboxylase-67 (two markers of GABA function) in the PFC, an effect that
was maintained after a 10 day drug-free washout period and unaltered by the resumption of repeated PCP
injections. All of the observed PCP effects were attenuated by chronic treatment with clozapine, an atypical
antipsychotic that has partial effectiveness on cognitive impairment in schizophrenia. These findings
suggest that abnormal cortical glutamate transmission, possibly driven by pathological changes in GABA
function in parvalbumin-positive fast-spiking interneurons, may underlie some of the cognitive deficits in
schizophrenia. A better understanding of glutamate and GABA dysregulation in schizophrenia may uncover
new treatment targets for schizophrenia-related cognitive dysfunction.

This article is part of a Special Issue entitled ‘Schizophrenia’.
� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Glutamate abnormalities reported in schizophrenia patients
(Tamminga, 1998) are proposed to be involved in schizophrenia
pathology (Olney and Farber,1995), including cognitive deficits that
are core features of the disorder (Elvevag and Goldberg, 2000).
N-methyl-D-aspartate (NMDA) glutamate receptor antagonists
induce a psychosis-like state in healthy humans that mimics most
major symptoms of schizophrenia (Javitt and Zukin, 1991),
including cognitive impairment (Krystal et al., 1994). Acute NMDA
receptor antagonist administration increases extracellular gluta-
mate levels in the prefrontal cortex (PFC; Moghaddam et al., 1997),
chool of Medicine, University
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534 9917.
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a brain region critically involved in cognition (Fuster,1973; Robbins,
1996) and implicated in cognitive deficits in schizophrenia
(Weinberger et al., 1986). Thus, excessive glutamate transmission,
possibly through non-NMDA glutamate receptors, has been
hypothesized to underlie schizophrenia pathology, including
cognitive deficits (Mathé et al., 1998; Moghaddam et al., 1997).

The increase in PFC glutamate efflux induced by NMDA receptor
antagonists may be attributable to blockade of excitatory NMDA
receptors located on inhibitory g-aminobutyric acid (GABA) inter-
neurons, leading to disinhibition of glutamate release from neurons
targeted by those interneurons (Adams and Moghaddam, 1998;
Farber et al., 1998; Olney and Farber, 1995). NMDA receptor
antagonist treatment has been shown to decrease markers of GABA
function both in vitro and in vivo (Behrens et al., 2007; Cochran
et al., 2003; Kinney et al., 2006; Morrow et al., 2007; Paulson
et al., 2003). Two important markers that are reduced after
NMDA receptor antagonist exposure are parvalbumin, a calcium
binding protein located within a subpopulation of fast-spiking
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GABAergic interneurons centrally involved in information pro-
cessing in the brain (Bartos et al., 2007; Cardin et al., 2009; Sohal
et al., 2009), and glutamic acid decarboxylase-67 (GAD67), the
main isoform of the synthesizing enzyme for GABA in the brain
(Asada et al., 1997). The reductions in these two markers occur in
the same neuronal population, the parvalbumin-positive fast-
spiking inhibitory interneurons. Interestingly, disturbances in
GABA systems, including reductions in parvalbumin and GAD67 in
the PFC, have also been found in schizophrenia patients (Benes and
Berretta, 2001; Guidotti et al., 2000; Hashimoto et al., 2003; Lewis
et al., 2004; Olney and Farber, 1995). Disruption of GABA function in
parvalbumin-positive fast-spiking interneurons may thus drive the
glutamate disinhibition and cognitive impairment induced by
NMDA receptor antagonists, as well as glutamate dysregulation and
cognitive deficits in schizophrenia.

The schizophrenia-like state evoked by NMDA receptor antago-
nists in humans is present only during intoxication and dissipates
after clearance of the drug from the body (Adler et al.,1998; Cho et al.,
2005; Krystal et al., 1994, 2003; Malhotra et al., 1996; Meltzer et al.,
1972; Pradhan, 1984; Rosenbaum et al., 1959). However, a single
administration of an NMDA receptor antagonist, such as phencycli-
dine (PCP), induces severe nonspecific behavioral disruptions (for
review, see Amitai and Markou, 2010a; Jentsch and Roth, 1999),
which often preclude the precise quantification of cognitive deficits
that are likely induced by the first PCP administration. Repeated
administration of PCP allows tolerance to develop to the initial
nonspecific behavioral disruptions induced by PCP (Melnick et al.,
2002). Upon administration of acute re-challenges with PCP, selec-
tive cognitive deficits can be observed (Podhorna and Didriksen,
2005). We therefore developed a repeated PCP administration
regimen inwhich two initial PCP injections are followedby twodrug-
free weeks, after which several additional daily PCP injections are
administered. This PCP regimen has been shown to induce robust,
significant, and selective cognitive deficits with relevance to
schizophrenia in the 5-choice serial reaction time task (Amitai et al.,
2007; Amitai and Markou, 2009a, 2009b, 2010b), as well as impul-
sive-like response disinhibition in the intracranial self-stimulation
procedure (Amitai et al., 2009). These PCP-induced deficits were
sensitive to partial attenuation by chronic treatment with the atyp-
ical antipsychotic clozapine (Amitai et al., 2007, 2009). By examining
the potential of an atypical antipsychotic medication to prevent the
disruptive effects of a re-challengewith a psychotomimetic drug, this
experimental design parallels the prevention of recurrence of
a psychotic episode in schizophrenia by antipsychotic treatment.

Repeated PCP administration alters the effects of PCP on
neurotransmitter levels compared with a single acute administra-
tion. For example, while a single acute administration of PCP
strongly increases dopamine levels in the PFC, repeated PCP
administration decreases baseline PFC dopamine levels in the drug-
free state and blunts the increase in PFC dopamine release imme-
diately after acute re-challenges with PCP (Jentsch et al., 1998).
However, little is known about the effects of repeated PCP exposure
on glutamate function. To address this question, we investigated
the effects of repeated PCP administration on glutamate in the PFC
using in vivo microdialysis combined with the repeated PCP
administration regimen that we developed previously (Amitai
et al., 2007) and compared the resulting glutamate levels with
the effects of a single PCP injection. Furthermore, we treated an
independent group of rats with the repeated PCP regimen, har-
vested their brains at different time points during treatment, and
assessed levels of the GABAmarkers parvalbumin and GAD67 in the
PFC using immunohistochemistry. Finally, we assessed the effects
of clozapine, an atypical antipsychotic that partially ameliorates
cognitive deficits in schizophrenia, on the changes in PFC glutamate
efflux and GABA markers induced by repeated PCP administration.
2. Materials and methods

2.1. Subjects

Eighty male Wistar rats (Charles River Laboratories, Wilmington, MA) were
housed two per cage on a 12 h/12 h reverse light/dark cycle (lights off at 8:00 am).
All behavioral testing was conducted during the animals’ dark cycle. Rats were
allowed to reach a body weight of at least 300 g before being restricted to 20 g of
food per day and before initiating drug treatment. Food restrictionwas introduced to
match as closely as possible the experimental conditions of previous studies in
which cognitive deficits induced by repeated PCP administration had been
demonstrated (Amitai et al., 2007, 2009; Amitai and Markou, 2009a, 2009b, 2010b).
Water was available ad libitum. Animals were treated in accordance with the
guidelines of the American Association for the Accreditation of Laboratory Animal
Care and the National Research Council’s Guide for Care and Use of Laboratory
Animals. All experiments were approved by the University of California, San Diego,
Institutional Animal Care and Use Committee.

2.2. Drugs

D-phencyclidine hydrochloride (PCP) was obtained from the National Institute
on Drug Abuse (Rockville, MD), dissolved in sterile 0.9% saline solution, and
administered subcutaneously at a concentration of 2 ml/kg. Clozapine was gener-
ously provided by Novartis Pharma AG (Basel, Switzerland), dissolved in a small
amount of 0.1 M hydrochloric acid (HCl), and diluted with saline. Matched vehicle
solutionwas prepared by dissolving the same amount of HCl in saline. Clozapine and
vehicle were administered using two successive 7 day subcutaneous osmotic min-
ipumps (Alzet, Palo Alto, CA). The limited solubility of clozapine at the concentration
that was required to deliver 4 mg/kg/day in the maximal volume that could be
contained in the minipumps prevented the use of a single 14 day osmotic mini-
pump; thus, two successive 7 dayminipumps were used. All drug doses are reported
as the salt.

2.3. Surgeries

2.3.1. Osmotic minipump implantation and removal
Rats were anesthetized with a 1e3% isoflurane/oxygen vapor mixture, and an

osmotic minipump (Alzet model 2ML17-day pump, Alza Corporation, Palo Alto, CA,
USA) was inserted subcutaneously on the back of the animal parallel to the spine,
with the flow moderator directed posteriorly. The wound was stapled, and an
antibacterial ointment was applied to the incision area. On day 7, the first minipump
was removed, and a second minipump was inserted under anesthesia contralateral
to the first minipump (see above). On day 14, the second minipump was removed.
For minipump removal, an incision was made under anesthesia, the minipump was
removed, the woundwas closed with surgical staples, and an antibacterial ointment
was applied.

2.3.2. Microdialysis cannula implantation
Rats were anesthetized (1e3% isoflurane/oxygen vapor mixture) and placed in

a Kopf stereotaxic frame (David Kopf Instruments, Tujunga, CA) with the incisor bar
set to zero. The skull was exposed, and a polyurethane guide cannula (CMA/12 Guide
Cannula, CMA Microdialysis, Solna, Sweden) was implanted with the cannula tip
pointing at the surface of the PFC (coordinates in millimeters: anterior/posterior [A/
P]þ3.2, medial/lateral [M/L]� 0.7, dorsal/ventral [D/V]�2.5 from bregma, according
to the rat brain atlas of Paxinos and Watson, 1986). The active membrane of the
microdialysis probe extended 3 mm beyond the cannula tip when inserted. The
cannula was permanently secured to the skull using dental cement anchored with
four skull screws. A slotted tether screw was secured in the cement, posterior to the
cannula, to allow attachment of a tether during microdialysis sampling. Cannula
placements were counterbalanced, with half of the rats receiving cannulae in the
right and half in the left brain hemisphere.

2.4. Microdialysis

2.4.1. Apparatus
Microdialysis sampling was performed in freely moving rats in previously

described custom-designed testing chambers located inside sound-attenuating
ventilated cabinets (Kuczenski and Segal, 1989). Each chamber was outfitted with
a food hopper and water bottle to allow access to food and water. An Instech
miniature fluid swivel (Instech Laboratories, Plymouth Meeting, PA) was located on
top of the sound-attenuating cabinet. A hole in the ceiling of the testing chamber
and cabinet allowed microdialysis probe inflow tubing (ethyl vinyl acetate tubing,
Cole-Parmer, Vernon Hills, IL) to be connected to the swivel, andmicrodialysis probe
outflow tubing to be extended outside the testing chamber. Dialysate was collected
into vials outside the sound-attenuating cabinets, which permitted sample collec-
tion without disturbing the animal. A microinfusion pump was connected to the
swivel to allow perfusion of the tubing with artificial cerebrospinal fluid (aCSF). The
tubing and swivel were supported by a counterweight assembly, thereby allowing
unrestricted movement of the rat. A stainless steel spring tether (Head Block Tether



Fig. 1. Diagram of Experiment 1 design. Injections and procedures in Experiment 1 are
schematically represented. single PCP, Single PCP injection group; veh/PCP, Vehicle/
Repeated PCP administration group; CLZ/PCP, Clozapine/Repeated PCP administration
group; CLZ/sal, Clozapine/Saline administration group. The dark line denotes the
period of pump treatment.
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for Rats model M115S, CMA Microdialysis, Solna, Sweden) connected the swivel to
the tether screw that was secured to the rat’s head tominimize tension on the probe
tubing.

2.4.2. Microdialysis procedure
Rats were placed in themicrodialysis chamber, and a dialysis probewith a 3 mm

exposed dialysis membrane (CMA 12 Elite Microdialysis Probe, CMA Microdialysis,
Solna, Sweden) was inserted into the guide cannula the evening prior to the
experimental manipulation, resulting in dialysate sampling from medial PFC coor-
dinates A/P þ 3.2, M/L � 0.7, D/V �2.5 to �5.5 (in mm). Twenty grams of food were
provided to each rat to match the food restriction of the rats that participated in the
behavioral and microdialysis experiments; water was available ad libitum. Artificial
cerebrospinal fluid solution (147 mM NaCl, 2.3 mM CaCl2, 0.9 mM MgCl2, 4.0 mM
KCl) was perfused through the probe at a rate of 1.5 ml/min, and a test sample was
collected for 20 min to ensure proper flow. The perfusion rate was then reduced to
0.2 ml/min. Fifteen to 18 h after probe insertion, the perfusion rate was raised back to
1.5 ml/min and allowed to stabilize for 30 min, after which sample collection
commenced. After conclusion of sample collection (160 min), rats were euthanized
with an overdose of pentobarbital and decapitated, and their brains were removed
and placed into a 10% formalin solution. After at least 48 h, the brains were removed
from the formalin solution, frozen, and sectioned into 60 mm slices for verification of
probe placements. Datawere included only from rats with confirmed accurate probe
placements (31 of 33 rats). Probe traces in all rats included in the experiment were
located in the prelimbic and infralimbic cortices between þ3.2 and þ3.7 mm from
bregma.

2.4.3. Biochemical analyses
Glutamate levels in the dialysates were determined using reverse-phase high-

performance liquid chromatography with electrochemical detection. Samples were
derivatized using O-phthaldialdehyde/sulfite derivatizing agent and loaded into an
autosampler for injection onto a reverse-phase C18 column. The mobile phase was
based on the methods of Wang et al. (2008) and consisted of 100 mM sodium
phosphate buffer containing 10%methanol and 5% acetonitrile, pH 4.40, and the flow
rate was set at 1 ml/min, with the column temperature maintained at 40 �C. The
glutamate derivatization product was detected with an electrochemical detector
(Waters, Milford, MA) set at 0.65 V relative to an AgeAgCl reference electrode.
Concentrations were estimated from peak heights using a Waters Maxima 820 data
station (Waters, Milford, MA).

2.5. GABA marker assessment

2.5.1. Intracardial perfusions
Rats were deeply anesthetized using sodium pentobarbital. Once anesthesia was

deep enough that the foot pinch reflex was absent, rats were perfused intracardially
through the ascending aorta at 10 ml/min with approximately 50 ml of ice-cold
saline followed by 200 ml of 4% paraformaldehyde (PFA) in 0.1 M phosphate-buff-
ered saline (PBS). The brains were then removed and post-fixed in 4% PFA in 0.1 M
PBS at 4 �C. After 48 h, brains were transferred to 2% PFA in 0.1 M PBS and stored at
4 �C.

2.5.2. Immunohistochemistry
Brains were sliced using a vibratome into 50 mm coronal sections. Six sequential

slices, encompassing the PFC region (2.0e1.3 mm from bregma), were processed for
floating-section fluorescence double immunohistochemistry for the detection of
parvalbumin and GAD67. Antigen retrieval was performed by incubating the slices in
1% sodium borohydride for 15 min as described by Stanley and Shetty (2004), fol-
lowed by washing in PBS and incubating in 10% normal goat serum in PBS for 16 h at
4 �C. Primary antibodies (parvalbumin: 1:3000 rabbit polyclonal; GAD67: 1:2000
mouse monoclonal) were diluted in 2% normal goat serum in PBS and applied to the
slices for 18 h at 4 �C. After several washes in PBS, the slices were incubated in
a 1:1000 dilution of AlexaFluor conjugated goat anti-rabbit (568) and goat anti-
mouse (488) antibodies for 1 h at room temperature. Slices were washed in PBS and
mounted sequentially on glass slides using Vectashield, covered with a coverslip,
and allowed to dry for � 24 h before confocal imaging.

2.5.3. Confocal microscopy and image analysis
Mounted slices were evaluated for fluorescence under settings for 488 and

568 nm excitation on a LSM510 Meta multiphoton laser confocal microscope using
a 40�water-immersion objective. Each slice was imaged across the prelimbic region
between bregma 1.3 and 2.0 (three images per slice). Six slices were imaged per
animal. For image quantification, a z-stack of eight images was obtained (corre-
sponding to 1.4 mm on the z-axis). All parvalbumin neurons in the images were
analyzed for parvalbumin and GAD67 content using MetaMorph as described by
Behrens et al. (2007), which corresponds to a mean of 300� 20 neurons per animal.

Confocal microscope settings remained constant for each series of experiments
so that the resulting images could be analyzed by densitometry, and the treatment-
dependent changes in fluorescence could be compared and expressed as
a percentage of the vehicle-treated condition. For each experiment, vehicle controls
were processed in parallel, such that variability attributable to antibody batch or
laser power could be avoided. Neurons in the images were then analyzed for their
somatic median green and red fluorescence intensity per cell using MetaMorph
(scale of 0e255 arbitrary units). Values were normalized to the saline-treated
conditions and are expressed as percentages of saline.
2.6. Experimental design

2.6.1. Experiment 1: effects of single or repeated PCP administration and chronic
clozapine on extracellular glutamate in the PFC

Naive rats were divided into four experimental groups: (i) Single PCP adminis-
tration (n¼ 6): Rats received a single PCP injection during collection of microdialysis
samples and received no minipump and no repeated injections. (ii) Vehicle/
Repeated PCP administration (n ¼ 7): Rats received minipumps delivering vehicle
and repeated injections of PCP. (iii) Clozapine/Repeated PCP administration (n ¼ 9):
Rats received minipumps delivering clozapine and repeated injections of PCP. (iv)
Clozapine/Saline (n ¼ 9): Rats received minipumps delivering clozapine and
repeated injections of saline.

Rats in the Vehicle/Repeated PCP, Clozapine/Repeated PCP, and Clozapine/Saline
groups received two initial injections of 2 mg/kg PCP or saline, 24 h apart. Rats were
then prepared with 7 day osmotic minipumps delivering 4 mg/kg/day clozapine
(Clozapine/Repeated PCP and Clozapine/Saline groups) or vehicle (Vehicle/Repeated
PCP group) and unilateral intracerebral guide cannulae directed at the surface of the
PFC. Seven days after cannula/pump implantation, minipumps were removed, and
new 7 day minipumps delivering clozapine or vehicle were implanted. The limited
solubility of clozapine at the concentration required to deliver 4 mg/kg/day in the
maximal volume that could be contained in the minipumps prevented the use of
a single 14 day osmotic minipump. Beginning 3 days after cannula/pump implan-
tation, rats received five consecutive daily saline injections to habituate them to the
injection procedure. Then, after 9 days of pump treatment, the rats received five
consecutive daily injections of 2 mg/kg PCP (Vehicle/Repeated PCP and Clozapine/
Repeated PCP groups) or saline (Clozapine/Saline group). After receiving the fourth
of these five daily injections, rats were placed in the microdialysis testing chambers,
and microdialysis probes were inserted into the guide cannulae. Fifteen to 18 h after
probe insertion, three 20 min baseline samples were collected, after which rats
received the last of their five daily PCP or saline injections. Twenty-minute micro-
dialysis samples were collected for 160 min after PCP/saline injection.

The administration protocol and doses of both PCP and clozapine matched those
used in previous studies that showed robust, selective schizophrenia-like cognitive
deficits induced by PCP and attenuation of these deficits by clozapine (Amitai et al.,
2007; Amitai and Markou, 2009a, 2009b, 2010b).

Rats in the Single PCP group were prepared with guide cannulae directed at the
surface of the PFC but received no drug injections until the day of microdialysis
sampling. Intermittent saline injections were administered to rats in this group to
habituate them to the injection procedure. On day 13 after cannula implantation, rats
were placed in the microdialysis testing chambers. Microdialysis probes were then
inserted into the guide cannulae, and baseline sampleswere collected similarly to the
other experimental groups. After collection of the last baseline sample, rats received
a single 2 mg/kg PCP injection, and 20 min microdialysis samples were collected for
160 min after PCP injection (see Fig. 1 for a diagram of the experimental design).

2.6.2. Experiment 2a: effects of repeated PCP administration on GABA markers in the
PFC

Naive rats were divided into four experimental groups: (i) Single bout of PCP
administration (“Initial PCP”; n ¼ 5), (ii) Single bout of PCP administration, followed
by drug-free washout (“Initial PCP/Washout”; n ¼ 6), (iii) Single bout of PCP
administration, followed by drug-free washout, then by further repeated PCP
injections (“Initial PCP/Washout/PCP”; n ¼ 6), (iv) saline injections only (“Saline”;
n ¼ 5).
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Rats in the Initial PCP group received two injections of PCP, 24 h apart. These
injections were analogous to the two initial PCP injections in the repeated PCP
injection protocol used in Experiment 1. Twenty-four hours after the last injection,
rats were perfused, and brains were harvested as described above.

Rats in the Initial PCP/Washout group received two injections of PCP, 24 h apart,
followed by 10 days of drug-freewashout. This washout period was analogous to the
drug-free interval experienced by the rats in the Vehicle/Repeated PCP group in
Experiment 1 during vehicle pump treatment and before resumption of PCP injec-
tions. During the last 5 days of this time period, rats also received daily saline
injections to mirror the treatment of the rats in the Vehicle/Repeated PCP group in
Experiment 1. At the end of the 10 drug-free days, rats were perfused, and brains
were harvested.

Rats in the Initial PCP/Washout/PCP group received two injections of PCP, 24 h
apart, followed by 10 days of drug-free washout (including five consecutive daily
saline injections as above), and then five consecutive daily injections of 2 mg/kg PCP.
These five injections were analogous to the repeated PCP injections given to the rats
in the Vehicle/Repeated PCP group in Experiment 1 toward the later part of vehicle
pump treatment. Twenty-four hours after the last injection, rats were perfused, and
brains were harvested.

Rats in the Saline group were treated similarly to the rats in the Initial PCP/
Washout/PCP group, with the exception that they received injections of saline
instead of PCP (see Fig. 2A for a diagram of the experimental design). Harvested
brains were prepared for immunohistochemical analysis and examined for levels of
parvalbumin and GAD67.

2.6.3. Experiment 2b: effects of chronic clozapine treatment on PCP-induced changes
in GABA markers in the PFC

Naive rats were divided into five experimental groups (n ¼ 5 per group):
(i) Single bout of PCP administration (“Initial PCP”), (ii) Single bout of PCP admin-
istration, followed by chronic clozapine treatment (“Initial PCP/CLZ”), (iii) Single
bout of PCP administration, followed by chronic clozapine treatment, with further
repeated PCP injections during the later part of clozapine treatment (“Initial PCP/
CLZ/PCP”), (iv) saline injections combined with chronic clozapine treatment
(“Saline/CLZ/Saline”; n ¼ 5), (v) saline injections combined with vehicle treatment
only (“Saline/Vehicle/Saline”).

Rats in the Initial PCP group received two injections of PCP, 24 h apart. Again,
these injections were analogous to the two initial PCP injections in the repeated PCP
Fig. 2. Diagram of Experiment 2 design. Injections and procedures for (A) Experiment
2a and (B) Experiment 2b are schematically represented. The dark line denotes the
period of minipump treatment.
injection protocol used in Experiment 1. Twenty-four hours after the last injection,
rats were perfused, and brains were harvested.

Rats in the Initial PCP/CLZ group received two injections of PCP, 24 h apart,
followed by 1 day of drug-free washout, after which rats were prepared with 7 day
osmotic minipumps delivering 4 mg/kg/day clozapine. Seven days after pump
implantation, minipumps were removed. New minipumps delivering clozapine
were then implanted, and clozapine treatment was continued for 2 more days.
During the last 5 days of this time period, rats also received daily saline injections.
This treatment was analogous to the period of PCP-free clozapine exposure expe-
rienced by the Clozapine/Repeated PCP group in Experiment 1 before resumption of
PCP injections. At the end of the 9 days of clozapine treatment, rats were perfused,
and brains were harvested.

Rats in the Initial PCP/CLZ/PCP group received two injections of PCP, 24 h apart,
followed by 1 day of drug-free washout, after which rats were prepared with 7 day
osmotic minipumps delivering 4 mg/kg/day clozapine. Seven days after pump
implantation, minipumps were removed, and new minipumps delivering clozapine
were implanted. Beginning 3 days after the initial pump implantation, rats received
five consecutive daily saline injections, followed by five consecutive daily injections
of 2 mg/kg PCP. This treatment was analogous to the full PCP and clozapine regimen
experienced by the Clozapine/Repeated PCP group in Experiment 1. Twenty-four
hours after the last injection, rats were perfused, and brains were harvested.

Rats in the Saline/CLZ/Saline groupwere treated similarly to the rats in the Initial
PCP/CLZ/PCP group, with the exception that they received injections of saline only
instead of PCP.

Rats in the Saline/Vehicle/Saline group were treated similarly to the rats in the
Initial PCP/CLZ/PCP group, with the exception that they received injections of saline
only instead of PCP and were prepared with minipumps containing vehicle instead
of clozapine (see Fig. 2B for a diagram of the experimental design).

Harvested brains were prepared for immunohistochemical analysis and exam-
ined for levels of parvalbumin and GAD67.

2.7. Data analyses

Data from Experiment 1 were analyzed using two-waymixed-design analysis of
variance (ANOVA). Glutamate levels are expressed as a percentage of the mean
baseline value, calculated as the average of the three baseline samples taken before
PCP or saline injection. Time Point was the within-subjects factor, and Drug Treat-
ment (single PCP, vehicle þ repeated PCP, clozapine þ repeated PCP,
clozapine þ saline) was the between-subjects factor. Statistically significant effects
found in the ANOVA were followed by post hoc comparisons among means using
Bonferroni tests. Mean glutamate levels from each post-injection time point,
expressed as a percentage of the mean baseline value, were compared to the mean
baseline glutamate levels for each group to assess increases in extracellular gluta-
mate levels above baseline in response to PCP or saline injection. In addition, mean
extracellular glutamate levels of each treatment group were compared at each time
point to assess differences in the glutamate response between groups.

Additionally, areas-under-the-curve (AUCs) were calculated for post-injection
(PCP or vehicle) values (i.e., values after the baseline samples and after the challenge
injection) in each experimental group. Values were corrected for baseline by sub-
tracting the baseline value from each data point and then compared using one-way
ANOVA. Statistically significant effects found in the ANOVA were followed by post
hoc comparisons among means using NewmaneKeuls tests.

All intensity values obtained in Experiment 2 were normalized by the mean
obtained for the saline/vehicle control conditions for each experiment and
expressed as a percentage of this mean. To obtain the mean fluorescence/cell/
animal, percentage values were averaged across the six slices from the same animal,
and the mean fluorescence intensity/cell/animal was used to calculate the mean and
standard deviation per group. Data were analyzed using one-way ANOVA with
Treatment Group as the between-subjects factor. Statistically significant effects found
in the ANOVA were followed by post hoc comparisons using NewmaneKeuls tests.

The level of significance was set at 0.05. Data were analyzed using GraphPad
Prism software (GraphPad, San Diego, CA).

3. Results

3.1. Experiment 1: effects of single or repeated PCP administration
and chronic clozapine on extracellular glutamate in the PFC

Baseline glutamate levels (Single PCP group: 2.58 � 0.65 mM;
Vehicle/Repeated PCP group: 3.50 � 0.72 mM; Clozapine/Repeated
PCP group: 4.59 � 0.70 mM; Clozapine/Saline group:
2.92 � 0.43 mM) did not differ significantly among groups. ANOVA
of the effects of PCP/saline administration detected significant main
effects of both Time Point (F8,216 ¼ 14.95, p < 0.0001) and Drug
Treatment (F3,216 ¼ 10.23, p ¼ 0.0001), as well as a Drug Treat-
ment � Time Point interaction (F24,216 ¼ 6.41, p < 0.0001). Post hoc
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tests comparing glutamate levels at each post-injection time point
to baseline glutamate levels showed statistically significant eleva-
tions above baseline levels (p < 0.05) in the following groups:

- Single PCP: at the 0e20 min, 20e40 min, 40e60 min,
60e80 min, and 80e100 min time points

- Vehicle/Repeated PCP: at the 40e60 min and 60e80 min time
points

- Clozapine/Repeated PCP: at the 40e60 min time point

No significant elevations in glutamate levels were detected in
the Clozapine/Saline group at any time point (Fig. 3).

The increases in glutamate levels seen after PCP injection were
not attributable to the injection procedure itself. No changes in
neurotransmitter levels in the PFC were observed in our laboratory
after systemic saline injections, and the existing literature reports
no effects of such saline injections on extracellular glutamate levels
in the PFC and other brain areas (e.g., Abekawa et al., 2006, 2007;
Adams and Moghaddam, 1998; López-Gil et al., 2007). Moreover,
no changes in glutamate levels were observed after saline injec-
tions in the Clozapine/Saline group. While this group was treated
with chronic clozapine at the time of saline injection, it is highly
unlikely that the lack of effect of the saline injection on extracel-
lular glutamate levels was attributable to clozapine treatment
because significant, albeit attenuated, increases in glutamate levels
above baseline were still seen in clozapine-treated animals after
PCP injection in the Clozapine/Repeated PCP group.

The Single PCP group exhibited the most profound increase in
extracellular glutamate. The glutamate increase in the Vehicle/
Repeated PCP group appeared less pronounced than that of the
single PCP group, despite significant elevations above baseline (see
above); the glutamate levels of the Vehicle/Repeated PCP group
were significantly lower than those of the Single PCP group at the
20e40 min time point.
Fig. 3. Effects of chronic clozapine and single or repeated PCP administration on
extracellular glutamate levels in the PFC. Glutamate levels are expressed as
mean � SEM. Asterisks (*p < 0.05, ***p < 0.001) denote statistically significantly
differences compared with baseline glutamate values in the same group. Pound signs
(#p < 0.05, ##p < 0.01, ###p < 0.001) denote statistically significant differences
compared with the Single PCP group. Dagger signs (yp < 0.05, yyp < 0.01, yyyp < 0.001)
denote statistically significant differences compared with the Vehicle/Repeated PCP
group. Dollar signs ($p < 0.05, $$p < 0.01, $$$p < 0.001) denote statistically significantly
differences compared with the Clozapine/Repeated PCP group. Single PCP, Single PCP
injection group; veh/PCP, Vehicle/Repeated PCP administration group; CLZ/PCP, Clo-
zapine/Repeated PCP administration group; CLZ/sal, Clozapine/Saline group. The inset
shows the area-under-the-curve for each treatment group, defined as the time integral
of the glutamate concentrations observed for each group.
In the Clozapine/Repeated PCP group, the glutamate increase in
response to PCPwas further attenuated comparedwith the Vehicle/
Repeated PCP group. While extracellular glutamate rose above
baseline after PCP injection (see above), glutamate levels in this
group were significantly lower than those of the Vehicle/Repeated
PCP group at the 60e80 min time point, and significantly lower
than those of the Single PCP group at the 20e40 min, 40e60 min,
and 60e80 min time points.

Finally, no increases in glutamate levels above baseline were
seen in the Clozapine/Saline group. Glutamate levels in this group
differed from the Clozapine/Repeated PCP group at the 20e40 min,
40e60 min, and 60e80 min time points; from the Vehicle/
Repeated PCP group at the 20e40 min, 40e60 min, and 60e80 min
time points; and from the Single PCP group at the at the 20e40min,
40e60min, 60e80min, 80e100min, and 100e120min time points
(Fig. 3).

An ANOVA on the AUCs confirmed a significant effect of Drug
Treatment (F3,27 ¼ 10.62, p < 0.0001). While post-hoc tests found no
significant difference in AUC between the Single PCP and Vehicle/
Repeated PCP groups, a t-test comparing the two groups found
a strong trend towards a smaller AUC in the Vehicle/Repeated PCP
group (p¼ 0.068). Post-hoc tests also confirmed that the AUC for the
Clozapine/Repeated PCP group was smaller than for the Single PCP
group, and the AUC for the Clozapine/Saline groupwas smaller than
for all other treatment groups (p < 0.05; Fig. 3).

3.2. Experiment 2a: effects of repeated PCP administration on GABA
markers in the PFC

PCP administration decreased levels of GABA markers (Fig. 4).
ANOVAs detected a significant effect of Treatment Group on levels of
both parvalbumin (F3,18 ¼ 36.73, p < 0.0001; Fig. 5A) and GAD67
(F3,18 ¼ 30.81, p < 0.0001; Fig. 5B). Post hoc tests confirmed that
levels of both parvalbumin and GAD67 decreased in all of the PCP-
treated groups (Initial PCP, Initial PCP/Washout, Initial PCP/
Washout/PCP) compared with the Saline group (p < 0.001 for all
comparisons). No significant differences in parvalbumin and
GAD67 levels were found between any of the PCP-treated groups.

3.3. Experiment 2b: effects of chronic clozapine treatment of PCP-
induced changes in GABA markers in the PFC

Chronic clozapine attenuated the PCP-induced decreases in
GABA markers levels (Fig. 6). ANOVAs detected a significant main
effect of Treatment Group on parvalbumin levels (F4,20 ¼ 18.58,
p < 0.0001; Fig. 7A). Post hoc tests showed that parvalbumin levels
decreased in the Initial PCP group compared with the Saline/
Vehicle/Saline group (p < 0.001). None of the clozapine-treated
groups (Initial PCP/CLZ, Initial PCP/CLZ/PCP, Saline/CLZ/Saline)
differed from the Saline/Vehicle/Saline group in terms of parval-
bumin levels, regardless of whether they were also treated with
PCP or with only saline injections. Furthermore, none of the clo-
zapine-treated groups differed significantly from each other. All
clozapine-treated groups had significantly higher parvalbumin
levels than the Initial PCP group (p < 0.001 for all comparisons).

ANOVAs also found a significant main effect of Treatment Group
on GAD67 levels (F4,20 ¼ 19.28, p < 0.0001; Fig. 7B). Post hoc tests
confirmed that, similar to parvalbumin, GAD67 levels decreased in
the Initial PCP group compared with the Saline/Vehicle/Saline
group (p < 0.001). GAD67 levels also decreased compared with the
Saline/Vehicle/Saline group in all of the clozapine-treated groups
(p < 0.001 for Initial PCP/CLZ or Saline/CLZ/Saline vs. Saline/
Vehicle/Saline; p < 0.01 for Initial PCP/CLZ/PCP vs. Saline/Vehicle/
Saline). However, all clozapine-treated groups had significantly
higher GAD67 levels than the Initial PCP group (p < 0.001 for Initial



Fig. 4. Fluorescence confocal images of representative fields depicting expression of parvalbumin (top), GAD67 (middle), or both (bottom) in parvalbumin interneurons in the
prelimbic region of rats treated with saline or PCP.
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PCP/CLZ/PCP vs. Initial PCP; p < 0.01 for Initial PCP/CLZ vs. Initial
PCP; p < 0.05 for Saline/CLZ/Saline vs. Initial PCP). None of the
clozapine-treated groups differed significantly from each other in
terms of GAD67 levels.
4. Discussion

Confirming previous studies (Abekawa et al., 2003, 2006, 2007;
Adams and Moghaddam, 1998, 2001), acute PCP exposure signifi-
cantly elevated extracellular glutamate levels in the PFC of rats. This
PCP-induced glutamate efflux was observed after a single PCP
injection as well as after repeated PCP administration.
Fig. 5. Effects of repeated PCP administration on GABA markers in the PFC: quantification
means of saline-treated animals. (A) Parvalbumin and (B) GAD67 immunofluorescence levels
differences compared with the Saline group.
Interestingly, the increase in PFC glutamate in response to PCP
appeared blunted after repeated PCP exposure compared to that
seen after a single acute PCP injection into previously PCP-naive rats
(Fig. 3), indicating that partial tolerance may develop with repeated
exposure to PCP. Although extracellular glutamate levels after
a single PCP injection only differed significantly from those seen
after repeated PCP administration at one time point (20e40 min
after injection), inspection of the data reveals a strong tendency
towards lower glutamate levels in the repeatedPCPgroup compared
with the single PCP injection group at the 0e20min and 40e60min
time points also. Moreover, it is notable that glutamate levels in the
repeated PCP group were elevated above baseline only at two time
points (40e60 min and 60e80 min post-injection), whereas
of parvalbumin and GAD67 mean fluorescence/cell for the region normalized by the
are expressed as mean � SEM. Asterisks (***p < 0.001) denote statistically significantly



Fig. 6. Fluorescence confocal images of representative fields depicting expression of parvalbumin (top), GAD67 (middle), or both (bottom) in parvalbumin interneurons in the
prelimbic region of rats treated with saline or PCP in combination with chronic clozapine or vehicle.
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significant increases over baseline glutamate levels were found in
the single PCP injection group at five time points, starting from the
0e20 min time point and continuing through the 80e100 min time
point. Finally, there was a trend towards a smaller area under the
curve for the repeated PCP groups compared with the single PCP
injection group. Although the maximum glutamate efflux reached
by the repeated PCP group (w140% of baseline) is not much lower
than that seen in the single PCP injection group (w155% of baseline),
the onset and peak of the PCP-induced glutamate increase appear
considerably delayed in the repeated PCP group. Glutamate level
increases above baseline begin in the first sample after injection in
the single PCP injection group, and the maximum concentration is
reached at the 40e60 min time point. In the repeated PCP group,
increases in glutamate levels above baseline are not observed until
Fig. 7. Effects of chronic clozapine treatment on PCP-induced changes in GABA markers in th
normalized by the means of saline-treated animals. (A) Parvalbumin and (B) GAD67 immun
denote statistically significantly differences compared with the Saline/Vehicle/Saline grou
differences compared with the Initial PCP group.
40e60min after injection, and the peak elevation occurs during the
60e80 min time point (Fig. 3). Repeated exposure to PCP may
therefore alter the time course of glutamate efflux in response to
PCP; partial tolerance may develop specifically to mechanisms
underlying the early phase of PCP-induced glutamate release, while
later effects are relatively unaltered.

This finding suggests that the profound behavioral abnormalities
observed after a single PCP injectionmay be attributable to excessive
or rapid-onset PFC glutamate efflux. These extreme, sudden increases
in PFC glutamate release may disrupt brain function so severely that
potential cognitive deficits are obscured by nonspecific general
behavioral suppression, and thus cannot be measured or quantified.
In contrast, a less extreme and more slowly developing increase in
extracellular glutamate after repeated PCP administration, compared
e PFC: quantification of parvalbumin and GAD67 mean fluorescence/cell for the region
ofluorescence levels are expressed as mean � SEM. Asterisks (**p < 0.01, ***p < 0.001)
p. Dagger signs (yp < 0.05, yyp < 0.01, yyyp < 0.001) denote statistically significant
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with the increases seen after a single PCP administration,may lead to
less profound disruptions in brain function that are behaviorally
quantifiable because they allow the subjects to perform the task and
reveal selective cognitivedeficits.Nevertheless, because thestatistical
findings on differences in glutamate efflux seen after a single PCP
injection vs. repeated PCP administration are not completely
unequivocal, caution must be taken in making inferences about the
functional significance of these changes.

Chronic clozapine attenuated the glutamate increase induced by
a PCP challenge administered after repeated PCP exposure (Fig. 3).
These findings are consistent with previous studies that reported
clozapine-induced attenuation of glutamate increases induced by
acute NMDA receptor antagonist administration (Abekawa et al.,
2006, 2007; López-Gil et al., 2007; however, see Adams and
Moghaddam, 2001), an effect that parallels amelioration of NMDA
receptor antagonist-induced cognitive disruptions by clozapine
(Abdul-Monim et al., 2006; Amitai et al., 2007; Didriksen et al.,
2007; Grayson et al., 2007; Hashimoto et al., 2005; Idris et al.,
2005). Altogether, these observations suggest that at least part of
the clozapine-induced attenuation of NMDA receptor antagonist-
induced cognitive deficits, and by extension the beneficial effects of
clozapine on cognitive dysfunction in schizophrenia (Meltzer and
McGurk, 1999), may be attributable to a reduction of abnormally
elevated PFC glutamate levels.

Studies have suggested that the increased glutamate efflux
observed in the PFC after NMDA receptor antagonist administration
maybe driven bydisruption of inhibitoryGABAcircuits (Zhang et al.,
2008). GABAergic interneurons in the hippocampus and limbic
areas were found to be approximately 10-fold more sensitive to
inhibition by NMDA receptor antagonists than adjacent gluta-
matergic pyramidal cells (Grunze et al., 1996; Li et al., 2002). NMDA
receptor antagonist exposure, therefore, would be expected to
preferentially block NMDA receptors located on inhibitory GABA
interneurons and result in a net effect of disinhibited excitatory
glutamatergic transmission in these brain areas (Farber et al., 1998).
Electrophysiological studies confirm this prediction for several brain
areas (Grunze et al., 1996; Li et al., 2002), including the PFC
(Homayoun and Moghaddam, 2007; Zhang et al., 2008). Further-
more, local administration of PCP or another NMDA receptor
antagonist, dizocilpine, into the PFC has been shown to decrease
extracellular GABA levels in this brain region (Yonezawa et al.,1998).

The preferential blockade by NMDA receptor antagonists
appears to particularly affect parvalbumin-containing GABA inter-
neurons, possibly because of a higher ratio of NR2A to NR2B
subunits in the NMDA receptors expressed on these neurons
compared with glutamatergic pyramidal cells (Kinney et al., 2006).
Parvalbumin-positive GABA neurons form a subpopulation of fast-
spiking inhibitory interneurons (Kawaguchi and Kondo, 2002) that
play a key role in the generation of synchronized gamma oscilla-
tions, which in turn are thought to be crucially important for
information processing in the brain (Bartos et al., 2007; Cardin
et al., 2009; Sohal et al., 2009). Disruption of parvalbumin-posi-
tive GABA interneuron function can therefore be expected to have
profound effects on cognitive processes.

Importantly, evidence of disturbed GABA function in schizo-
phrenia patients has been found in numerous studies (for review,
see Benes and Berretta, 2001; Lewis et al., 2004). Examination of
postmortem PFC tissue from schizophrenia patients revealed
decreases in the number of cells expressing GAD67 mRNA
(Akbarian et al., 1995; Guidotti et al., 2000; Hashimoto et al., 2003;
Volk et al., 2000) and GAD67 protein levels (Guidotti et al., 2000).
Indeed, reduced GAD67 mRNA expression in the PFC is one of the
most consistent molecular pathologies found in individuals with
schizophrenia (Knable et al., 2002). PFC tissue from schizophrenia
patients also showed reductions in parvalbuminmRNA (Hashimoto
et al., 2003) and protein (Beasley et al., 2002; Beasley and Reynolds,
1997), as well as the number of cells expressing GABA transporter-1
(GAT-1) mRNA (Volk et al., 2001). The number of axon cartridges
formed by chandelier cells, a type of parvalbumin-positive GABA
interneuron expressing GAT-1, was also decreased in the PFC of
schizophrenia patients (Pierri et al., 1999; Woo et al., 1998).

In our study, we found that repeated PCP treatment reduced the
levels of parvalbumin and GAD67 in the PFC of rats (Figs. 4 and 5).
This finding was consistent with previous observations of lasting
downregulation of GABA function after recurring exposure to
NMDA receptor antagonists. Sustained treatment with another
NMDA receptor antagonist, ketamine, decreased levels of parval-
bumin and GAD67 in cultured GABA interneurons in vitro (Behrens
et al., 2007; Kinney et al., 2006) and in the PFC of mice (Behrens
et al., 2007). Reduced levels of parvalbumin mRNA or protein
were also found in the PFC of rats (Cochran et al., 2003) and
monkeys (Morrow et al., 2007) after repeated administration of
PCP. GAD67 mRNA was also significantly decreased in the frontal
cortex of rats treated with chronic dizocilpine (Paulson et al., 2003).
Suppression of GABA function may play a critical role in abnormal
glutamate neurotransmission and cognitive disruption observed
after NMDA receptor antagonist administration, and thus may also
drive cognitive pathology in schizophrenia.

The reduction in the two markers of GABA function in our study
was detectable after just two PCP injections and did not dissipate
after 10 days of drug-free washout. Additional PCP injections did
not further aggravate the reduction in either of these two markers
(Figs. 4 and 5). These findings suggest that the initial PCP injections
in our regimen result in long-term neural adaptations in the PFC,
including, although not necessarily limited to, the GABA system.
These adaptations may drive changes in the effects of PCP exposure
after repeated administration on both behavior and PFC glutamate
release compared with the effects of PCP in naive animals. The
exact mechanism bywhich reduced GABA function in the PFC alters
the effects of PCP is unclear. However, persistently reduced GABA
function (and thus persistent disinhibition of PFC glutamatergic
neurons) may result in compensatory changes that bring PFC glu-
tamatergic cells under inhibitory control by other mechanisms,
rendering them less sensitive to disinhibition in response to
blockade of GABA interneuron function by NMDA receptor antag-
onists. Such adaptations would result in decreased glutamate efflux
in response to NMDA receptor antagonist exposure compared with
naive animals (consistent with our findings in Experiment 1; Fig. 3)
and possibly in the less severe, more selective behavioral disruption
seen after repeated NMDA receptor antagonist administration
compared with the profound, nonspecific behavioral suppression
seen in naive animals given NMDA receptor antagonists (Amitai
et al., 2007; Jentsch and Roth, 1999; Melnick et al., 2002;
Podhorna and Didriksen, 2005).

Chronic clozapine treatment prevented the PCP-induced
reductions in parvalbumin levels in the present study (Figs. 6 and
7). Clozapine itself slightly reduced GAD67 levels; however, it
partially, but significantly, attenuated the profound reduction in
GAD67 levels induced by PCP exposure. Given that clozapine
treatment did not begin until after administration of the initial two
PCP injections, at a time point when reductions in parvalbumin and
GAD67 would have already developed, clozapine can apparently
reverse already established alterations in GABA function induced by
NMDA receptor antagonists. The attenuation by clozapine of GABA
dysregulation induced by repeated PCP may underlie the amelio-
rative effects of clozapine on PCP-induced cognitive deficits.

If, as hypothesized above, the adaptations in the GABA system
drive blunted glutamate release and milder, more selective behav-
ioral disruption in response to NMDA receptor antagonist adminis-
tration, then one might expect that the effect of clozapine of
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attenuating these GABAergic changes would result in clozapine-
treated rats given repeatedPCP injections respondingmore likenaive
rats that receive PCP for the first time (i.e., with large increases in
extracellular PFC glutamate and severe, nonspecific behavioral
suppression). Such a pattern, however, was not observed. Instead,
chronic clozapine treatment further reducedglutamate efflux (Fig. 3)
and attenuated cognitive disruption (Amitai et al., 2007, 2009) in
response to repeated PCP. It must be remembered, though, that in
these animals, clozapine was still on board during the repeated PCP
injections. In this way, the rats differed from naive rats that received
acute PCP, in which the PCP injections resulted in extreme PFC
glutamate efflux and profound behavioral suppression. This sus-
tained clozapine treatment likely exerted a protective effect against
PCP-induced disruptions. Moreover, given the somewhat mixed
statistical evidence for reductions in glutamate release after repeated
PCP administration, caution must be taken with any interpretations
of the potential role of GABAergic neuroadaptations in this possible
blunting of glutamate release, and the interaction of clozapine
treatment with either effect.

However, for some aspects of PCP-induced cognitive disruption,
rats that receive chronic clozapine in addition to repeated PCP
administration do indeed appear to behave more like previously
naive rats that receive PCP for the first time, as may be expected if
clozapine prevented neuroadaptations occurringwith repeated PCP
administration. Specifically, the disinhibited impulsive responding
seen in response to PCP administration (i.e., increased premature
responses in the 5-choice serial reaction time task and extra and
timeout responses in the intracranial self-stimulation procedure)
does not develop until after repeated PCP administration. Sensiti-
zationprocesses that drive this potentiated impulsive behavior after
repeated PCP administration may be at least partially mediated by
the long-lasting alterations in GABA function seen after repeated
PCP treatment. The strong attenuation of this impulsive behavior by
chronic clozapinemay be attributable to clozapine preventing these
sensitization processes, possibly via clozapine-induced attenuation
of the GABAergic changes induced by PCP administration.

Overall, our findings suggest that chronic clozapine prevents
some PCP-induced neural alterations that drive downregulation of
PFC GABA function, increased PFC glutamate efflux, and behavioral
disruptions. The exact mechanisms by which these various PCP-
induced effects, and their attenuation by clozapine, are connected
require further experimental investigation.

In summary, we found that acute PCP administration strongly
increases extracellular glutamate levels in the PFC. In vivo micro-
dialysis revealed that this PCP-induced glutamate efflux is main-
tained after repeated PCP pretreatment, but appears to be blunted
in comparison with the effects of a single PCP injection. Moreover,
we demonstrated that PCP induces long-lasting reductions in GABA
function in the PFC after as little as two injections. Chronic cloza-
pine treatment significantly attenuated both the increased gluta-
mate efflux and the reduction in GABA function observed in the PFC
after PCP exposure. Our findings suggest that excessive glutamate
transmission and/or reduced GABA function in the PFC may
underlie the cognitive-disruptive effects of PCP, and possibly some
of the cognitive deficits that characterize schizophrenia.
Conversely, prevention of excessive glutamate efflux in the PFC
and/or protection of adequate GABA function may contribute to the
attenuation by clozapine of schizophrenia-like cognitive deficits
induced by PCP, as well as the beneficial effects of clozapine on
cognitive function in schizophrenia patients.
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