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Background: Inhibitors of the enzyme that inactivates the peptide transmitterN-acetylaspartylglutamate reduce behaviors
induced by PCP in animal models of schizophrenia.
Results: NAAG peptidase inhibition reduces PCP-induced glutamate release in two brain areas implicated in this disorder.
Conclusion: Peptidase-mediated inhibition of glutamate release is consistent with the glutamate model of this disorder.
Significance: NAAG peptidase inhibitors warrant further biochemical characterization as potential antipsychotic drugs.

The “glutamate” theory of schizophrenia emerged from the
observation that phencyclidine (PCP), an open channel antago-
nist of the NMDA subtype of glutamate receptor, induces schiz-
ophrenia-like behaviors in humans. PCP also induces a complex
set of behaviors in animal models of this disorder. PCP also
increases glutamate and dopamine release in the medial pre-
frontal cortex and nucleus accumbens, brain regions associated
with expression of psychosis. Increased motor activation is
among the PCP-induced behaviors that have been widely vali-
dated as models for the characterization of new antipsychotic
drugs. The peptide transmitter N-acetylaspartylglutamate
(NAAG) activates a group II metabotropic receptor, mGluR3.
Polymorphisms in this receptor have been associated with
schizophrenia. Inhibitors of glutamate carboxypeptidase II, an
enzyme that inactivates NAAG following synaptic release,
reduce several behaviors inducedbyPCP in animalmodels. This
research tested the hypothesis that two structurally distinct
NAAG peptidase inhibitors, ZJ43 and 2-(phosphonomethyl)-
pentane-1,5-dioic acid, would elevate levels of synaptically
releasedNAAGand reducePCP-induced increases in glutamate
and dopamine levels in themedial prefrontal cortex andnucleus
accumbens. NAAG-like immunoreactivity was found in neu-
rons and presumptive synaptic endings in both regions. These
peptidase inhibitors reduced themotor activation effects of PCP
while elevating extracellular NAAG levels. They also blocked
PCP-induced increases in glutamate but not dopamine or its
metabolites. ThemGluR2/3 antagonist LY341495 blocked these
behavioral and neurochemical effects of the peptidase inhibi-

tors. The data reported here provide a foundation for assess-
ment of the neurochemical mechanism through which NAAG
achieves its antipsychotic-like behavioral effects and support
the conclusion NAAG peptidase inhibitors warrant further
study as a novel antipsychotic therapy aimed at mGluR3.

The glutamate theory of schizophrenia emerged from the
discovery that open channel NMDA receptor antagonists and
dissociative anesthetics, such as phencyclidine (PCP),3 induced
schizophrenia-like behaviors in humans. Subsequent studies
demonstrated that PCP increases extracellular levels of gluta-
mate anddopamine in themedial prefrontal cortex (mPFC) and
nucleus accumbens (NAc) (1), presumably as a result of
decreased activation of NMDA receptors on GABAergic
interneurons. Excess glutamate activation of AMPA receptors
appears to be involved in the effects of PCP because an AMPA
antagonist blocks the behavioral effects of PCP in animal mod-
els (2–5). As a result, the glutamate theory of schizophrenia
supports the development of drugs that reduce PCP-induced
glutamate release as novel antipsychotic therapies.
The activation of group II metabotropic receptors (mGluR2

andmGluR3) by heterotropic agonists has long been associated
with presynaptic inhibition of transmitter release, including
glutamate release (6). Among these receptors, mGluR3 is dis-
tributed on peri-, pre-, and postsynaptic neuronal membranes
and astrocytes (7). The peptide neurotransmitter N-acetylas-
partylglutamate (NAAG) is an mGluR3-selective agonist that
negatively regulates levels of cAMP and cGMP (8–12). Acting
on presynaptic mGluR3 receptors, NAAG inhibits the release
of transmitters, including glutamate and GABA (13–17). Syn-
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aptically released NAAG is inactivated by an extracellular glial
enzyme, glutamate carboxypeptidase II (18, 19). Inhibitors of
this enzyme (20–22) increase the extracellular concentration of
synaptically released NAAG in vivo (13, 16).4 We found that
potent glutamate carboxypeptidase II inhibitors also reduced
the behavioral effects of PCP, dizocilpine and D-amphetamine
in validated animal models of positive, negative, and cognitive
schizophrenia-like behaviors (24–26).5 In contrast to hetero-
tropic group II agonists, NAAG is a selective mGluR3 agonist
(12), a fact supported by our finding that the efficacy of NAAG
peptidase inhibitors in blocking PCP-induced behaviors is
observed inmGluR2 knock-outmice but not inmGluR3 knock-
outs (26).
Heterotropic mGluR2/3 receptor agonists also reduced the

effects of PCP in animal models of schizophrenia and reduced
the PCP-induced release of glutamate in themPFC andNAc (1,
28–30). The efficacy of heterotropic agonists in this PCPmodel
was observed inmGluR3 but notmGluR2 knock-outmice, con-
sistent with their activation of mGluR2 in vitro (31–34).
Although mGluR2/3 agonists and mGluR2-positive allosteric
modulators represent a potentially efficacious mGluR2-tar-
geted antipsychotic therapy (35, 36), data from animal models
of schizophrenia suggest that NAAG peptidase inhibition rep-
resents a related but distinctly different pharmacotherapy
based on activation of mGluR3 (12, 26). The present study was
initiated to test the hypothesis that, consistent with the gluta-
mate theory of this disorder, NAAG peptidase inhibitors also
block the PCP-induced increase in glutamate release in the
mPFC and NAc, brain regions associated with the behavioral
and neurochemical effects of PCP and schizophrenia (1,
37–40).

EXPERIMENTAL PROCEDURES

Animals—The experimental protocols used in this research
were approved by the GeorgetownUniversity Animal Care and
Use Committee consistent with guidelines of the National
Institutes of Health. Male Sprague-Dawley rats (Taconic, Ger-
mantown, MD) weighing 300–350 g were used in this study.
Theywere housed in groups of two andmaintainedwith a 12-h/
12-h light/dark cycle (dark 6 p.m. to 6 a.m.). Food and water
were available ad libitum. Experiments were performed
between 9 a.m. and 4 p.m.
Drugs—ZJ43 (N-[[[(1S)-1-carboxy-3-methylbutyl]amino]-

carbonyl]-L-glutamic acid) was provided by Alan Kozikowski
(41), and 2-(phosphonomethyl)pentane-1,5-dioic acid (2-
PMPA) (22) and the mGluR2/3 antagonist LY341495 (42) were
from Tocris Cookson Ltd. (Bristol, UK). PCP was from Sigma-
Aldrich. All compoundswere dissolved in sterile saline solution
and administered by intraperitoneal injection.
Microdialysis—On the day of surgery, rats were anesthetized

with ketamine (80mg/kg)/xylazine (5mg/kg) (intraperitoneally
(i.p.)) andplaced in a stereotaxic apparatus (KOPF Instruments,

Tujunga, CA) for surgical implantation of a guide cannula. The
guide cannula (SciPro Inc., Sanborn, NY) was positioned to
both the mPFC according to the coordinates (AP, �3.2; ML,
�0.8; DV, 2.6) and the NAc according to the coordinates (AP,
�1.7; ML, �1.0; DV, 6.0) in the same rats (two simultaneous
dialysis probes per rat). The guide cannula was secured to the
skull with dental cement anchored by two stainless steel screws.
After surgery, each rat was individually housed and allowed to
recover for at least 24 h before the microdialysis experiment.
Microdialysis experiments were carried out on conscious,
freely moving rats. On the day of the experiment, rats were
lightly anesthetized to facilitate manual insertion of the micro-
dialysis probe into the guide cannula. The stylet in the guide
cannulawas replacedwith themicrodialysis probe (outer diam-
eter, 0.6 mm; exposed tip, 3.0 mm for mPFC and 2.0 mm for
NAc; cut-off of 6 kDa; SciPro Inc.). Rats were tethered to the
awake animal system bymeans of a plastic collar (CMAMicro-
dialysis AB). The probe was perfused at 2 �l/min with artificial
cerebrospinal fluid (147 mM NaCl, 1.2 mM CaCl2, 2.7 mM KCl,
0.85 mMMgCl2; CMAMicrodialysis AB). All fluid connections
were made using FEP tubing (internal volume of 1.2 �l/10 cm;
SciPro Inc.). After at least a 2-h equilibration period, dialysate
samples were collected every 30 min. Three base-line fractions
were collected before ZJ43, 2-PMPA, or saline injection. Pre-
treatment of ZJ43 (150 mg/kg, i.p.), 2-PMPA (50 mg/kg, i.p.),
ZJ43 (150 mg/kg, i.p.) � LY341495 (1 mg/kg, i.p.), 2-PMPA (50
mg/kg, i.p.) � LY341495 (1 mg/kg, i.p.), or saline occurred 20
min before PCP (5mg/kg, i.p.) or saline injection. Samples were
subsequently analyzed for either DA or its metabolites
(DOPAC and HVA) or glutamate by high performance liquid
chromatography (HPLC) and NAAG by radioimmunoassay.
DAAnalysis—Dialysate samples (20�l) were directly applied

to the HPLC column and monitored with electrochemical
detection (HPLC-ECD, Waters). A reversed-phase column
(Atlantis T3, ODS, 4.6� 150mm, 3�m;Waters) was used, and
the mobile phase for detection of DA and its metabolites con-
sisted of 0.1 M citric acid-sodium acetate, 0.05 mM EDTA, and
65 mg/ml L-octanesulfonic acid with 15% methanol (v/v) in
water adjusted to pH 3.8 with 1 M citric acid. The flow rate was
1.0ml/min. The column temperature was kept at 30 °C, and the
applied potential was �750 mV. Reagents used were analytical
or HPLC grade.
Glutamate Analysis—Glutamate was derivatized with

o-phthalaldehyde (Sigma), as described by Rowley et al. (43).
o-Phthalaldehyde (2.2 mg) was dissolved in 0.05 ml of absolute
ethanol, and then the solution wasmixed with 0.9ml of sodium
tetraborate buffer (0.1 M). After that, the 0.05 ml of sodium
sulfite (1 M) was added into the solution. Fifteen�l of microdia-
lysate sample wasmixed with 3�l of o-phthalaldehyde solution
for 10 min at room temperature before detection of glutamate.
After derivatization, glutamate samples (15 �l) were detected
by HPLC-ECD. A reversed-phase column (Atlantis T3, ODS,
4.6 � 150 mm, 3 �m; Waters) was used, and the mobile phase
for detection of glutamate was composed of 0.1 M citric acid-
sodium acetate and 0.05 mM EDTAwith 19%methanol (v/v) in
water adjusted to pH 3.8 with 1 M citric acid. The flow rate was
1.0ml/min. The column temperature was kept at 30 °C, and the
applied potential was �850 mV.

4 Yamada, T., Zuo, D., Yamamoto, T., Olszewski, R. T., Bzdega, T., Moffett, J. R.,
and Neale J. H. (2012) Mol. Pain, in press.

5 Olszewski, R. T., Janczura, K. J., Ball, S. R., Madore, J. C., Lavin, K. M., Lee, J. C.,
Lee, M. J., Der, E. K., Bzdega, T., and Neale J. H. (2012) Transl. Psychiatry, in
press.
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NAAG Analysis—Dialysate samples were analyzed for
NAAG content using radioimmunoassay, as described previ-
ously (44), with small modifications. Briefly, 20-�l samples
were diluted to 50 �l with PBS and incubated overnight at 4 °C
with 25 �l of NAAG antisera (1:25) and 25 �l of [3H]NAAG
(50,000 cpm, �5 pmol). After incubation, 900 �l of �20 °C
methanol was added, and precipitated proteins were separated
by sedimentation at 15,000 � g for 15 min. Levels of tritium in
the pellets and supernatants were measured by liquid scintilla-
tion, and [3H]NAAG bound to antibody in unknown samples
was compared with that of standards. A standard curve (0.033–
3.3 �M NAAG) was performed with each assay. Highly specific
NAAG antiserum was produced in rabbits by repeated immu-
nizations withNAAG coupled to thyroglobulin and to colloidal
gold particles. This antiserum was highly specific for NAAG
versus N-acetylaspartate, glutamate, GABA, and aspartate (44).
Verification of Probe Placement—At the completion of each

experiment, rats were killed by CO2 inhalation, and brains were
removed and fixed in 10% formalin and dehydrated in 30%
sucrose solution. After that, coronal sections of 30�mwere cut
frozen, and the position of the probe was determined by Nissl’s
staining. Themicrodialysis data were analyzed only if the probe
was found to be located inside the mPFC or NAc.
Behaviors—The rat was placed into a Med Associates (St.

Albans, VT) ENV-515 open field chamber (43 � 43 cm, with
three 16-beam infrared beams and detectors) to allowmicrodi-
alysis sampling in the rat brain while simultaneously recording
the locomotor activity of the rat.Motor activity was recorded as
distance traveled and as ambulatory counts (the number of
infrared beam breaks/test interval). Equivalent data were
obtained from the two measures. Ambulatory counts are pre-
sented in Fig. 8, a and b.
Data Analysis—Microdialysis data are expressed as a per-

centage of basal values (calculated as means of the three sam-
ples before injections). The basal concentrations in the dialysis
were expressed in �M. All data are given as means � S.E. and
not corrected for “recovery” of the dialysis procedure. Rare
samples whose values varied by more than 2 S.D. values from
themeanwere removed from consideration. The general linear
model with repeatedmeasurements (SPSS19 forWindows)was
used to examine the time-dependent effect of drugs on each
neurotransmitter in the two brain regions and behavior with
treatment group as a fixed factor and time as the within-subject
factor. In case of significant interactions, post hoc comparisons
were performed by a Duncan test. The level of significant dif-
ference was set at p� 0.05. A one-way analysis of variance with
post hoc comparisons was used for every time point analysis.
Antibodies and Immunohistochemistry—NAAG-specific

antisera were prepared and immunohistochemistry performed
as described previously (45, 46). Polyclonal NAAG antisera
were purified in stages by both affinity chromatography and
negative affinity adsorption against related protein-coupled
molecules, including N-acetylaspartate, N-acetylglutamate,
glutamate, aspartate, and GABA (46). Rats were transcardially
perfused with 6% carbodiimide and 5% DMSO. Brains were
post fixed with 4% paraformaldehyde, saturated with 30%
sucrose, frozen and sectioned (20 �m). Sections were treated
with 2% normal goat serum prior to overnight incubation with

purified anti-NAAG rabbit serum (1:2,000). Antibodies were
visualizedwith peroxidase-labeled avidin-biotin complex (Vec-
tastain, Vector Laboratories) and developed with H2O2 and
diaminobenzidine. Controls consisted of incubating the pri-
mary antibodies with 5 �g/ml protein-coupled NAAG before
performing immunohistochemistry, which blocked all anti-
body binding to tissue sections. In contrast, incubating the anti-
bodieswith 5�g/ml protein-coupled glutamate,N-acetylaspar-
tate, N-acetylglutamate, aspartate, or GABA had no effect on
NAAG immunoreactivity in tissue sections. Images were
acquired using anOlympusDP71 camera andwere adjusted for
contrast and brightness using PC-based software (Adobe Sys-
tems). Additional software was used for extended depth of field
by taking multiple images at different focal points in a tissue
slice and combining them into a single focused image (Media
Cybernetics).

RESULTS

NAAG Immunoreactivity in Rat mPCF and NAc—NAAG
immunoreactivity was present exclusively in neurons, their
processes, and in small punctate structures that appeared to be
synapses (Fig. 1). That NAAG is present in synaptic terminals
and vesicles has been demonstrated by ultrastructural analysis
(47) and evoked release studies (48). NAAG-positive neurons
were numerous in cortical structures, such as the mPFC (Fig.
1A). Neurons ranged from very lightly to intensely stained, and
most immunoreactive neurons were generally small in size.
Larger pyramidal neurons were only lightly stained or
unstained. Some axons were stained, especially in the deeper
layers of cortex. Synaptic-like structures stained for NAAG
were present throughout the neuropil and were often concen-
trated on neuronal cell bodies and proximal dendrites (Fig. 1B).
Fewer NAAG-immunoreactive neurons were observed in the
caudate/putamen andNAc, but the pattern of stainingwas sim-
ilar to that seen in the cortex (Fig. 1C). Scattered neurons
ranged from lightly to strongly stained, and neuronal processes,
including some axons (arrow in D) and dendrites, also were
immunoreactive. NAAG-positive synaptic-like structures were
observed in the neuropil and were particularly concentrated on
some neuronal cell bodies and dendrites (Fig. 1D, inset).
Basal Extracellular DA, DOPAC, HVA, Glutamate, and

NAAG Levels in mPFC and NAc—The base-line samples were
collected after at least 2 h of perfusion. The basal extracellular
levels of DA, DOPAC, HVA, Glutamate, and NAAG in the dia-
lysates from mPFC and NAc are shown in Table 1. There were
no significant differences in basal extracellular levels of these
compounds among treatment groups. The basal level of extra-
cellular NAAG in the NAc were �10% lower than the level
detected in the mPFC, a finding that was consistent with the
immunohistochemical results showing higher expression of
NAAG in the mPFC than in the NAc.
Effects of ZJ43 on NAAG and Glutamate Levels in mPFC and

NAc—Analysis of variance results on the main group effects
and group � time interactions for the following data are pre-
sented in Table 2.
In themPFC, treatmentwith PCP (5mg/kg, i.p.; this dosewas

used in all studies described below) had no effect on extracellu-
larNAAG levels (Fig. 2a). TreatmentwithZJ43 (150mg/kg, i.p.;
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this dose was used in all ZJ43 studies described below)
increased extracellular NAAG levels (p � 0.01). PCP treatment
increased glutamate levels (p � 0.001), and this increase was
blocked by ZJ43 pretreatment (p � 0.001). As predicted, the
group II (mGluR2/3) antagonist LY341495 (1 mg/kg, i.p., in all
experiments) had no effect on ZJ43-induced increases in
NAAG levels but blocked the effects of ZJ43 on PCP-induced

glutamate release (Fig. 2, a and b). In theNAc (Fig. 3a), PCP had
no significant effect on extracellular NAAG levels, whereas
ZJ43 with saline or PCP increased extracellular NAAG levels
(p � 0.001). PCP increased glutamate levels relative to saline
(p� 0.01) (Fig. 3b), an effect that was blocked by ZJ43 pretreat-
ment (p � 0.01). The mGluR2/3 antagonist again blocked the
inhibitory effect of ZJ43 on PCP-induced glutamate release
(p � 0.05).
Effects of 2-PMPA on NAAG and Glutamate Levels in mPFC

and NAc—In the mPFC, 2-PMPA (50 mg/kg, i.p.; this dose was
used in all PMPA experiments) with saline, PCP, or PCP and
LY341495 significantly increased extracellular NAAG levels
compared with the saline � saline group (p � 0.001) (Fig. 4a).
LY341495 had no effect on 2-PMPA-induced increases in
NAAG levels. PCP increased glutamate levels compared with
the saline treatment (p � 0.001), and this effect was blocked by
2-PMPA (p � 0.001) (Fig. 4b). In the NAc, 2-PMPA with or
without PCP increased extracellular NAAG levels compared
with the saline group (p � 0.001, p � 0.01) (Fig. 5a). Although
2-PMPA had no effect on basal glutamate levels in the NAc, it
inhibited PCP-induced glutamate release (p � 0.001) (Fig. 5b).
Again, the effect of the NAAG peptidase inhibitor on PCP-
induced glutamate levels was blocked by the group II mGluR
antagonist in both themPFC and theNAc (p� 0.01, p� 0.001)
(Figs. 4b and 5b).
ZJ43 and 2-PMPA Do Not Block PCP-induced Increases in

Extracellular DA—PCP produced a significant increase in DA
levels in the mPFC and the NAc (p � 0.001), and ZJ43 failed to
affect this increase (Figs. 6, a and b). 2-PMPA similarly failed to

FIGURE 1. NAAG immunoreactivity in the medial prefrontal cortex and nucleus accumbens in the rat. The vertical black bar in A shows the approximate
location of the dialysis probe in the medial prefrontal cortex. Numerous neurons were immunoreactive for NAAG in all layers of the prefrontal cortex (PFC) and
ranged from lightly to intensely stained (B). Some axons were immunoreactive for NAAG (arrow in B), as were many putative synapses in the neuropil and on
neuronal somata and dendrites (inset in B). The vertical black bar in C shows the approximate placement of the dialysis probe in the NAc. Scattered NAAG-
immunoreactive neurons were observed throughout the accumbens (D). Some axons were immunoreactive for NAAG (arrow in D) as were some putative
synapses in the neuropil and on the cell bodies and dendrites of neurons (inset in D). CP, caudate/putamen. Extended depth of field was used in B and D; scale
bar, 850 �m (A and C), 32 �m (B and D), and 8 �m (insets).

TABLE 1
Basal extracellular DA, DOPAC, HVA, glutamate, and NAAG levels in
the mPFC and NAc (n � 55–57)

mPFC NAc

DA (nM) 0.434 � 0.012 1.249 � 0.142
DOPAC (nM) 41.020 � 2.783 247.126 � 37.352
HVA (nM) 35.992 � 2.450 126.699 � 15.216
Glutamate (�M) 2.190 � 0.211 1.578 � 0.141
NAAG (�M) 0.102 � 0.051 0.088 � 0.040

TABLE 2
Main effects and interactions, analysis of variance results

Figure Overall group effect
Group �

time interaction

Fig. 2a F (4,32) � 7.102, p � 0.001 F (24,168) � 3.640, p � 0.001
Fig. 2b F (4,32) � 10.080, p � 0.001 F (24,192) � 5.080, p � 0.001
Fig. 3a F (3,23) � 16.590, p � 0.001 F (18,138) � 7.193, p � 0.001
Fig. 3b F (4,33) � 5.382, p � 0.01 F (24,198) � 1.875, p � 0.05
Fig. 4a F (4,32) � 21.383, p � 0.001 F (24,168) � 15.214, p � 0.001
Fig. 4b F (4,32) � 11.126, p � 0.001 F (24,192) � 3.203, p � 0.001
Fig. 5a F (3,22) � 25.859, p � 0.001 F (18,132) � 7.673, p � 0.001
Fig. 5b F (4,29) � 6.641, p � 0.01 F (24,174) � 2.372, p � 0.001
Fig. 6a F (4,32) � 10.080, p � 0.001 F (24,192) � 5.080, p � 0.001
Fig. 6b F (4,32) � 8.030, p � 0.001 F (24,192) � 2.534, p � 0.01
Fig. 7a F (4,27) � 9.885, p � 0.001 F (24,162) � 7.314, p � 0.001
Fig. 7b F (4,29) � 6.597, p � 0.01 F (24,174) � 2.618, p � 0.001
Fig. 8a F (4,34) � 21.180, p � 0.001 F (24,204) � 9.377, p � 0.001
Fig. 8b F (4,31) � 31.622, p � 0.001 F (24,186) � 8.460, p � 0.001

NAAG Inhibits PCP-induced Glutamate Release

21776 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 26 • JUNE 22, 2012



significantly affect PCP-induced increases in dopamine levels
in the mPFC and NAc (Fig. 7, a and b).
DAMetabolites DOPAC and HVA in Microdialysis Samples—

It is possible that the rapid conversion of DA to DOPAC and
HVA in extracellular space of the mPFC andNAc obscured the
effect of PCP orNAAGpeptidase inhibition onDA flux in these
two brain regions. To test this, the concentrations of these two
metabolites were examined in the same samples that were
tested for DA. We found that the changes in concentration of
DOPAC and HVA over the time course of the sampling closely
paralleled the changes in concentration of DA in samples taken

from rats in each of the treatment groups (see supplemental
Figs. S1–S8 with statistical assessments). These data demon-
strate that there were no significant effects onNAAGpeptidase
inhibition on PCP-induced elevation of these DA metabolites
in the extracellular space.
ZJ43 and 2-PMPA Block PCP-induced Motor Activation

Model—In the same groups in which the effects of ZJ43 were
assessed on NAAG and glutamate levels, the open field motor
activation induced by PCP also was recorded (Fig. 8a). PCP-
inducedmotor activation is a validatedmodel for testing poten-
tial antipsychotic drugs. PCP induced a significant increase in
ambulatory counts (number of infrared beam breaks detected

FIGURE 2. a, effects of (first treatment) saline (S), ZJ43 (ZJ; 150 mg/kg, i.p.), or
ZJ43 with LY341495 (LY; 1 mg/kg, i.p.) and (second treatment) saline or PCP (5
mg/kg, i.p.) on NAAG release in the mPFC. S-PCP had no effect on extracellular
NAAG levels compared with the S-S group (p � 0.90). ZJ-S and ZJ-PCP signif-
icantly increased extracellular NAAG levels compared with the S-S treatment
group (p � 0.01). LY341495 pretreatment did not affect the ZJ43-induced
increase in NAAG levels (p � 0.96). *, p � 0.05; **, p � 0.01, S-S versus ZJ-S. #,
p � 0.05; ##, p � 0.01, ZJ-PCP versus S-PCP. b, effects of (first treatment) saline
(S), ZJ43 (ZJ; 150 mg/kg, i.p.), or ZJ43 with LY341495 (LY; 1 mg/kg, i.p.) and
(second treatment) saline or PCP (5 mg/kg, i.p.) on glutamate release in the
mPFC. S-PCP treatment produced a significant glutamate increase compared
with the S-S group (p � 0.001). ZJ-S had no effect on glutamate levels in the
mPFC compared with the S-S group (p � 0.38), whereas ZJ43 pretreatment
significantly inhibited PCP-induced glutamate release (p � 0.001). LY341495
pretreatment with ZJ43 significantly antagonized the inhibitory effect of ZJ43
on PCP-induced glutamate release (p � 0.01). *, p � 0.05; **, p � 0.01; ***, p �
0.001, S-S versus S-PCP. #, p � 0.05; ##, p � 0.01; ###, p � 0.001, ZJ-PCP versus
S-PCP. @, p � 0.05; @@, p � 0.01; @@@, p � 0.001, ZJ-LY-PCP versus ZJ-PCP.

FIGURE 3. a, effects of (first treatment) saline (S) or ZJ43 (ZJ; 150 mg/kg, i.p.)
and (second treatment) saline or PCP (5 mg/kg, i.p.) on NAAG release in the
NAc. S-PCP had no effect on extracellular NAAG levels relative to the S-S
group (p � 0.84). ZJ-S significantly increased extracellular NAAG levels com-
pared with the S-S treatment (p � 0.001). ZJ43 treatment with PCP also
resulted in a significant NAAG level increase compared with S-PCP (p �
0.001). *, p � 0.05; **, p � 0.01, S-S versus ZJ-S. ##, p � 0.01; ###, p � 0.001,
ZJ-PCP versus S-PCP. b, effects of (first treatment) saline (S), ZJ43 (ZJ; 150
mg/kg, i.p.), or ZJ43 with LY341495 (LY; 1 mg/kg, i.p.) and (second treatment)
saline or PCP (5 mg/kg, i.p.) on glutamate release in the NAc. S-PCP produced
a significant glutamate increase compared with the S-S group (p � 0.01). ZJ-S
had no effect on glutamate levels in the NAc relative to the S-S group (p �
0.73). ZJ pretreatment significantly inhibited PCP-induced glutamate release
(p � 0.01). LY431495 pretreatment with ZJ43 blocked the inhibition effect of
ZJ43 on PCP-induced glutamate release (p � 0.05). *, p � 0.05; **, p � 0.01; ***,
p � 0.001, S-S versus S-PCP. ##, p � 0.01, ZJ-PCP versus S-PCP. @, p � 0.05; @@,
p � 0.01, ZJ-LY-PCP versus Z-PCP.
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in the open field chamber) comparedwith the saline group (p�
0.001). ZJ43 � saline had no significant effect on ambulatory
counts compared with the saline� saline group. ZJ43 pretreat-
ment significantly inhibited PCP-induced hyperactivity (p �
0.001) and LY341495 blocked the effects of ZJ43 on this PCP-
induced hyperactivity (p � 0.01).
PCP-inducedmotor activation alsowas studied in the groups

of animals that were assayed for the effects of 2-PMPA on
NAAG and glutamate levels. The same saline � saline and

saline � PCP data are presented in Fig. 8, a and b. As was
observed with ZJ43, 2-PMPA had no effect on ambulatory
counts, whereas pretreatment with 2-PMPA significantly
inhibited PCP-induced hyperactivity (p � 0.001). LY341495
blocked the effect of both NAAG peptidase inhibitors on PCP-
induced hyperactivity (p � 0.01) (Fig. 8, a and b).

DISCUSSION

NAAG, a prevalent and widely distributed peptide co-trans-
mitter, is found in neurons and presumptive synaptic endings
in themPFC andNAc (Fig. 1), two brain regions that are widely
documented to be involved in schizophrenia and in PCP mod-

FIGURE 4. a, effects of (first treatment) saline (S), 2-PMPA (PM; 50 mg/kg, i.p.),
or 2-PMPA with LY341495 (LY; 1 mg/kg, i.p.) and (second treatment) saline or
PCP (5 mg/kg, i.p.) on NAAG levels in the mPFC. S-PCP had no effect on extra-
cellular NAAG levels in the mPFC compared with S-S treatment group (p �
0.936). PM-S significantly increased extracellular NAAG levels compared with
S-S group (p � 0.001). After 2-PMPA pretreatment, PCP administration also
had a significant NAAG level increase compared with the S-PCP group (p �
0.001). LY341495 did not affect the increase of NAAG levels observed in the
PM-PCP treatment group (p � 0.93). The S-S and S-PCP data are the same as
presented in Fig. 2a. **, p � 0.01; ***, p � 0.001, S-S versus PM-S. #, p � 0.05; ##,
p � 0.01; ###, p � 0.001, PM-PCP versus S-PCP. b, effects of (first treatment)
saline (S), 2-PMPA (PM; 50 mg/kg, i.p.), or 2-PMPA with LY341495 (LY; 1 mg/kg,
i.p.) and (second treatment) saline or PCP (5 mg/kg, i.p.) on glutamate levels in
the mPFC. PM-S had no effect on glutamate levels compared with the S-S
group (p � 0.88). PM pretreatment significantly inhibited PCP-induced gluta-
mate release (p � 0.001), and LY341495 blocked the inhibitory effect of PM on
PCP-induced glutamate release (p � 0.001). The S-S and S-PCP data are the
same as presented in Fig. 2b. *, p � 0.05; **, p � 0.01; ***, p � 0.001, S-S versus
S-PCP. #, p � 0.05; ##, p � 0.01; ###, p � 0.001, PM-PCP versus S-PCP. @, p �
0.05; @@, p � 0.01, PM-LY-PCP versus PM-PCP.

FIGURE 5. a, effects of (first treatment) saline (S) or 2-PMPA (PM; 50 mg/kg, i.p.)
and (second treatment) saline or PCP (5 mg/kg, i.p.) on NAAG levels in the
NAc. S-PCP had no effect on extracellular NAAG levels in the NAc compared
with the S-S treatment group (p � 0.71). The 2-PMPA significantly increased
NAAG levels (versus S-S group, p � 0.001), as did the PM-PCP treatment. The
S-S and S-PCP data are the same as presented in Fig. 3a. (p � 0.001). *, p �
0.05; **, p � 0.01, S-S versus PM-S. #, p � 0.05; ##, p � 0.01, PM-PCP versus
S-PCP. b, effects of (first treatment) saline (S), 2-PMPA (PM; 50 mg/kg, i.p.), or
2-PMPA with LY341495 (LY; 1 mg/kg, i.p.) and (second treatment) saline or
PCP (5 mg/kg, i.p.) on glutamate levels in the NAc. S-PCP induced a significant
glutamate increase compared with the S-S treatment group (p � 0.001),
whereas PM-S had no effect on glutamate levels (p � 0.37). 2-PMPA pretreat-
ment significantly inhibited PCP-induced glutamate release (p � 0.001).
LY431495 blocked the effect of 2-PMPA-induced glutamate release (PM-PCP
versus PM � LY � PCP, p � 0.01). The S-S and S-PCP are the same as presented
in Fig. 3b. *, p � 0.05; **, p � 0.01; ***, p � 0.001, S-S versus S-PCP. ##, p � 0.01,
PM-PCP versus S-PCP. @, p � 0.05; @@, p � 0.01, PM-LY-PCP versus PM-PCP.
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els of this disorder (1, 37–40). NAAG immunoreactivity in syn-
aptic endings is localized in synaptic vesicles (47). The NAAG
receptor, mGluR3 (12), also is expressed in these brain regions
(49), and polymorphisms in the gene for this receptor are asso-
ciated with expression of schizophrenia in some patients with
this disorder (50–53).
Themost widely used and highly validated animalmodels for

testing the development of antipsychotic drugs are based on the
neurochemical and behavioral effects of PCP or D-ampheta-
mine (54–56). NAAG peptidase inhibitors have been shown to
reduce positive, negative, and cognitive behaviors elicited by
PCP and D-amphetamine in these models (25, 26, 47, 57).5

The data presented here represent the first demonstration of
the neurochemical effects of NAAG peptidase inhibition in
brain regions associated with schizophrenia. Their efficacy in
dramatically elevating extracellular levels of NAAG and
in blocking PCP-inducedmotor activation and increases in glu-
tamate, but not dopamine release, in the mPFC and NAc pro-
vides a framework for defining the molecular pathway that
mediates their behavioral effects.
Two structurally distinct NAAG peptidase inhibitors were

tested in order to confirm that the effects of the drugs were the
result of this inhibitory effect and the consequent elevation of
NAAG levels. The different structures of the urea-based ZJ43

FIGURE 6. a, effects of (first treatment) saline (S), ZJ43 (ZJ; 150 mg/kg, i.p.), or
ZJ43 with LY341495 (LY; 1 mg/kg, i.p.) and (second treatment) saline or PCP (5
mg/kg, i.p.) on dopamine levels in the mPFC. S-PCP produced a significant DA
increase compared with the S-S treatment group (p � 0.001). The effect of
ZJ-S on DA levels did not reach significance in the mPFC (p � 0.22 versus S-S
group). Neither ZJ nor ZJ � LY pretreatment had an effect on PCP-induced DA
release (p � 0.73 and p � 0.68, respectively). *, p � 0.05; **, p � 0.01; ***, p �
0.001, S-S versus S-PCP. b, effects of (first treatment) saline (S), ZJ43 (ZJ; 150
mg/kg, i.p.), or ZJ43 with LY341495 (LY; 1 mg/kg, i.p.) and (second treatment)
saline or PCP (5 mg/kg, i.p.) on dopamine levels in the NAc. S-PCP treatment
produced a significant DA increase (p � 0.001 versus S-S treatment). ZJ-S had
no effect on DA levels compared with the S-S treatment group (p � 0.90).
Neither ZJ nor ZJ � LY pretreatment had a significant effect on PCP-induced
DA release (p � 0.99 and p � 0.96, respectively). **, p � 0.01; ***, p � 0.001, S-S
versus S-PCP.

FIGURE 7. a, effects of (first treatment) saline (S), 2-PMPA (PM; 50 mg/kg, i.p.),
or 2-PMPA with LY341495 (LY; 1 mg/kg, i.p.) and (second treatment) saline or
PCP (5 mg/kg, i.p.) on DA levels in the mPFC. The S-PCP treatment produced a
significant DA increase compared with the S-S treatment group (p � 0.001).
PM-S had no effect on DA levels (p � 0.98 versus S-S). PM-PCP pretreatment
did not reach significance versus S-PCP (p � 0.14), whereas PM � LY had no
significant effect on PCP-induced DA release (p � 0.31). The S-S and S-PCP
data presented here are the same as in Fig. 6a. *, p � 0.05; **, p � 0.01; ***, p �
0.001, S-S versus S-PCP. b, effects of (first treatment) saline (S), 2-PMPA (PM; 50
mg/kg, i.p.), or 2-PMPA with LY341495 (LY; 1 mg/kg, i.p.) and (second treat-
ment) saline or PCP (5 mg/kg, i.p.) on DA levels in the NAc. S-PCP produced a
significant DA increase compared with S-S group (p � 0.001). PM-S treatment
had no effect on DA levels compared with S-S group (p � 0.41). Pretreatment
with PM or PM � LY also had no detectable effect on PCP-induced DA release
(p � 0.94 and p � 0.33, respectively). The S-S and S-PCP data presented here
are the same as in Fig. 6b. **, p � 0.01; ***, p � 0.001, S-S versus S-PCP.
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and pentanedioic acid-based 2-PMPA militate against an
unknown common second order function being responsible for
this behavioral and neurochemical activity. In these experi-
ments, additional confirmation of the mechanism of action of
the inhibitors derives from the blockade of their effects by the
group IImGluR antagonist LY431495 and by the failure of ZJ43
and 2-PMPA to directly activate mGluR2 or mGluR3 (58, 59).
Heterotropic group II mGluR2/3 agonists have behavioral

effects in PCP and D-amphetamine models of schizophrenia
that are similar to those of NAAG peptidase inhibitors (1,

28–30, 60, 61). However, studies in mGuR2 and mGluR3
knock-out mice demonstrate that the heterotropic agonists act
via mGluR2 to block the effects of PCP (31, 34), whereas the
effects of the 2-PMPA on PCP in these knock-out mice are
mediated by NAAG activation of mGluR3 (26), consistent with
a substantial body of data demonstrating that NAAG is an
mGluR3-selective agonist (12). The data presented here on the
NAAG peptidase inhibition-induced elevation of NAAG levels
in the mPFC and NAc together with the resulting blockade of
PCP-induced increases in glutamate release establish further
the parallels between the effects of the heterotropic agonists
and those of NAAGpeptidase inhibitors in these schizophrenia
models. As a result, it appears that similar behavioral and neu-
rochemical effects are obtained by activation of either mGluR2
or mGluR3, and thus there is potential for these two pharma-
cological approaches to act additively. Particularly interesting
in this respect would be combination therapies using mGluR2-
positive allosteric modulators (62) with NAAG peptidase
inhibitors.
Currently approved antipsychotics target DA, norepineph-

rine, and serotonin receptors. These drugs have limited efficacy
in treating schizophrenia in many individuals, particularly for
cognitive and negative symptoms.Given the differences in their
targets from those of the typical and atypical antipsychotic
drugs, the discovery of the efficacy of group II mGluR agonists
and NAAG peptidase inhibitors in these animal models of
schizophrenia and in clinical trials using the agonists represents
a potentially important breakthrough in antipsychotic drug
design. Interestingly, it may turn out that current antipsychotic
treatmentsmay already achieve some of their effects via NAAG
in as much as clozapine and haloperidol increase NAAG syn-
thesis in a neuroblastoma cell line (23).
In parallel with the glutamate theory of schizophrenia, the

DA theory of this disorder emerged from the discovery of the
antipsychotic efficacy of DA receptor antagonists and is mod-
eled in animals by D-amphetamine- and PCP-induced increases
in dopamine release in humans and animals (54). ZJ43 and
2-PMPA failed to affect the increase in DA release that was
induced by PCP (Figs. 6 and 7). A similar lack of effect on PCP-
induced DA release was reported for a heterotropic group II
mGluR agonist (1). In contrast, a group II agonist blocked
D-amphetamine-inducedmotor activation and increases in DA
release but not electrically evoked DA release in the mPAG,
bringing into question its mechanism of action (27, 29).
Because ZJ43 and 2-PMPA also reduce D-amphetamine-in-
duced motor activation,5 it will be interesting to determine if
the peptidase inhibitors affect DA release in the D-ampheta-
mine model.
This demonstration of the efficacy of glutamate carboxypep-

tidase inhibitors in elevating NAAG levels and blocking PCP-
induced increases in glutamate release suggests that their
mechanisms of action in the behavioral studies may reside in
part or wholly within the mPFC and NAc because these areas
have previously been implicated in the behavioral effects of
PCP. Testing this will require microinjection of ZJ43 or
2-PMPA directly into these brain regions and observation of
their effects on PCP- and D-amphetamine-induced behaviors.

FIGURE 8. a, effects of saline (S) or ZJ43 (ZJ; 150 mg/kg, i.p.) with or without
LY341495 (LY; 1 mg/kg, i.p.) on PCP (5 mg/kg, i.p.)-induced ambulatory counts
in rats. The S-PCP treatment induced a significant increase in ambulatory
counts (p � 0.001 versus S-S). ZJ-S had no effect on ambulatory counts com-
pared with the S-S group (p � 0.97). However, ZJ43 pretreatment significantly
inhibited PCP-induced hyperactivity (p � 0.001). LY341495 significantly
antagonized the inhibitory effect of ZJ43 on PCP-induced hyperactivity (p �
0.01). **, p � 0.01; ***, p � 0.001, S-S versus S-PCP. #, p � 0.05; ##, p � 0.01; ###,
p � 0.001, ZJ-PCP versus S-PCP. @, p � 0.05; @@, p � 0.01, ZJ-LY-PCP versus
ZJ-PCP. b, effects of saline or 2-PMPA (PM; 50 mg/kg, i.p.) with or without
LY341495 on PCP-induced ambulatory counts in rats. The S-PCP treatment
induced a significant increase in ambulatory counts compared with the S-S
treatment (p � 0.001), whereas PM-S had no effect on ambulatory counts (p �
0.88). 2-PMPA pretreatment significantly inhibited PCP-induced hyperactiv-
ity (p � 0.001). LY341495 pretreatment significantly reduced the inhibitory
effect of PM on PCP-induced hyperactivity (p � 0.01). The S-S and S-PCP data
are the same as found in a. **, p � 0.01; ***, p � 0.001, S-S versus S-PCP. #, p �
0.05; ##, p � 0.01; ###, p � 0.001, S-PCP versus PM-PCP. @, p � 0.05, PM-PCP
versus PM-LY-PCP.
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The data presented here contribute to proof of the concept
that NAAG peptidase inhibition represents a significant new
approach to developing antipsychotic drugs with targets that
differ from those of currently approved drugs and thuswarrants
further study.
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