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Abstract
Glutamate is the major excitatory neurotransmitter in the mammalian central nervous system.
Disturbed glutamate signaling resulting in hypofunction of NMDA receptors has been implicated
in the pathophysiology of schizophrenia. Glutamate Carboxypeptidase II (GCP II) hydrolyzes N-
acetyl-alpha L-aspartyl-L-glutamate (NAAG) into glutamate and N-acetyl-aspartate (NAA).
NAAG is a neuropeptide that is an NMDA receptor antagonist as well as an agonist for the
metabotropic glutamate receptor-3 (mGluR3), which inhibits glutamate release. The aggregate
effect of NAAG is thus to attenuate NMDA receptor activation. To manipulate the expression of
GCP II, loxP sites were inserted flanking exon 1 and 2, which were excised by crossing with a
Cre-expressing mouse. The mice heterozygous for this deletion showed a 50% reduction in the
expression level of protein and functional activity of GCP II in brain samples. Heterozygous
mutant crosses did not yield any homozygous null animals at birth or as embryos (N >200 live
births and fetuses). These data are consistent with the previous report that GCP II homozygous
mutant mice generated by removing exons 9 and 10 of GCP II gene were embryonically lethal and
confirm our hypothesis that GCP II plays an essential role early in embryonic development.
Heterozygous mice, however, developed normally to adulthood and exhibited increased locomotor
activity, reduced social interaction, and a subtle cognitive deficit in working memory.
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Introduction
N-acetyl aspartyl glutamate (NAAG) is a neuropeptide, which is concentrated in storage
vesicles and released in a calcium-dependent manner upon neuronal depolarization
(Williamson and Neale., 1988; Tsai et al., 1988; Zollinger et al., 1994; Renno et al., 1997).
NAAG has a highly selective co-localization with classical neurotransmitters such as the
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cholinergic acid motor neurons, the glutamatergic retinal ganglionic cell projections, the
noradrenergic locus coeruleus neurons and the glutamatergic cortical pyramidal neurons,
especially in primates (Moffett et al., 1989, 1993, 1994, 1995; Frondoza et al., 1990; Slusher
et al., 1992; Tsai et al., 1993; Berger et al., 1995; Passani et al., 1997). NAAG antagonizes
glutamate activated NMDA receptor responses in CA1 pyramidal cells and GABAergic
interneurons (Bergeron et al., 2005, 2007; Grunze et al., 1996). NAAG also appears to be a
potent and specific agonist at the mGluR3 receptor (Wroblewska et al., 1997; Bischofberger
and Schild, 1996).

Robinson et al. (1987) first described a quisqualate sensitive brain peptidase activity with
highly affinity for NAAG that was activated by metal ions. It was designated N-Acetylated-
Alpha-Linked-Acidic-Dipeptidase (NAALADase). Using antibodies developed against
homogenously purified rat brain NAALADase, Carter et al. (1996) identified the cDNA
encoding NAALADase in a rat brain cDNA library. It showed remarkable homology to
prostate specific membrane antigen (PSMA), a cell surface glycoprotein highly expressed on
metastatic human prostate cancer cells. Subsequent studies demonstrated that on the basis of
cDNA sequence, enzymatic activity and antigenic characteristics, NAALADase was
identical to PSMA. Amino acid similarities between peptides derived from duodenal folate
hydrolase and amino acid sequence in NAALADase led to the demonstration that
NAALADase/PSMA was also identical to folate hydrolase 1 (FOLH 1) (Halsted et al.,
1998). The current enzyme designation for NAALADase/PSMA is Glutamate
Carboxypeptidase II (GCP II) and the human gene is referred to as Folh 1(Carter and Coyle,
2004)

Considerable evidence supports the notion that GCP II regulates the synaptic concentrations
of NAAG (Slusher et al., 1990; Robinson et al., 1987; Berger et al., 1999; Stauch et al.,
1989; Bergeron et al., 2007). The enzyme is expressed almost exclusively in astrocytes
where it is concentrated in the synaptoneurosomes and in the glomeruli in the cerebellum
(Berger et al., 1995, 1999; Sácha et al., 2007). In an in vivo dialysis study, Slusher et al.
(1999) demonstrated that perfusion of the cerebral cortex with the potent GCP II inhibitor,
2-phosphonomethyl-pentanedoic acid (2-PMPA), markedly reduced the extracellular
concentrations of glutamate and subsequent lesion size following middle cerebral artery
occlusion in the rat. Similar reductions in glutamate and increases in extracellular NAAG
were observed following inhibition of GCP II in the hippocampus in a rat model of
traumatic brain injury (Zhong et al., 2005). In the acute hippocampal slice preparation,
Bergeron et al. (2007) showed that perfusion with 2-PMPA attenuated NMDA receptor
(NMDAR) currents on CA1 pyramidal cells following stimulation of the presynaptic
Schaffer collaterals whereas perfusion with a soluble GCP II construct enhanced these
NMDAR responses, thus establishing that GCP II modulates the concentration of released
endogenous NAAG at synaptic NMDARs.

Considerable evidence from genetic and postmortem studies support the hypothesis that
hypofunction of the NMDA receptor plays an important role in the pathophysiology of
schizophrenia (Lisman et al., 2008). In this regard, several postmortem studies have
demonstrated reduced expression of GCP II in cortico-limbic regions of the brain in
schizophrenia, which would enhance the synaptic actions of NAAG, thereby interfering with
NMDA receptor function

Bacich et al. (2002, 2005) previously described a null mutation of GCP II in which stop
codons were inserted in exons 1 and 2. Mice homozygous for the null mutation did not
express GCP II as demonstrated by RT-PCR of GCP II mRNA and Western blots. However,
a residual 7-18 percent of wild type NAAG peptidase activity was detected in brain.
Notably, no differences in the endogenous levels of NAAG, N-acetyl aspartate or glutamate,
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and very modest and subtle differences in behavior were noted in the homozygous versus
wild type. In contrast, Tsai et al. (2003) knocked out the zinc ligand domain essential for
enzyme activity of GCP II by deleting exons 9 and 10. Mouse fetuses homozygous for the
null mutation did not survive past eight days gestation, indicating that GCP II is essential for
embryogenesis prior to brain development. In an attempt to resolve the strikingly different
outcomes for the two null mutations of GCP II, we have exploited the Cre/Lox P system to
remove exons 1 and 2, the exons targeted by Bacich et al. (2002) to determine the impact of
reduced or absent GCP II.

Materials and methods
Generation of GCP II knockout mice by use of the Cre-loxP system

We identified a positive ~ 100 Kb genomic clone containing mouse GCP II gene as
described previously (Tsai et al. 2003). A 20.7 Kb gene fragment encoding exons 1-3 was
subcloned and analyzed by restriction enzyme mapping. To construct the knock-out
targeting vector, a loxP site was inserted upstream of exon 1, and a Neomycin resistance
(neo) cassette flanked by two loxP sites was inserted the downstream of exon 2 (Figure1).
The linearized vector was electroporated into embryonic stem cells (ES) derived from the
129SvJ strain. Neomycin resistant colonies were isolated, expanded, and screened by PCR
with primers specific for mouse GCP II and the neo cassette. PCR primers for genotyping
are: P1, 5' -GGATATGCATGGTATATAATCAC- 3' ; P2, 5' -
GCATCAGCAATGGTGTCAGA- 3' ; P3, 5' - CATTGAGTAAGAGGCATTAGGCT- 3' ;
P4, 5' - CTTACCTCATTTCCATCTTCATT- 3' ; Neo P1, 5' -
CATTCCTCCACTCATGATCTA- 3' ; Neo P2, 5' - GCCTTGGGAAAAGCGCCTCC- 3' .
P1, P2, P3, and P4 were designed to annealing within the GCP II gene. Neo P1 and P2 were
neo cassette sequences. PCR was executed using 40 ng of each primer, 0.2 mM dNTPs and
0.4 U of Taq polymerase (Promega Inc., Madison, WI) in a total volume of 20 μl in the
buffer supplied by the manufacturer. Initial denaturation was 5 min at 94°C followed by 35
cycles of amplification (94°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min).

Targeted ES cells were injected into C57BL/B6 blastocytes and transferred to
pseudopregnant mothers. Chimeric mice were bred with 129S6/SvEv Tac mice. The F1
mice with targeted germ line transmission of GCP II mutation were crossed with Cre
recombinase-expressing mice, yielding GCP II exon 1-2 and 5'-UTR knockout mice.
Genotypes were determined by PCR analysis of DNA obtained from the tail biopsy as for
the ES cells. The mice used in experiments described here were back-crossed to C57BL/B6
wild type animals.

Real-time PCR
Mouse brain samples were harvested. Total RNA was extracted using RNeasy Mini Kit
(Qiagen). Equal amount of total RNA (400 ng) were reverse transcribed using the
Transcriptor First Strand cDNA synthesis kit (Roche Diagnostics) following manufacturer's
protocols. The PCR amplifications were performed with iQ™ SYBR Green PCR Kit (BIO-
RAD) using SYBR green as fluorescent dye on a MiniOpticon MJ Mini Personal Thermal
Cycler (BIO-RAD). The amplification conditions were as follows: initial incubation at 95°C
for 3 min, followed by 40 cycles of denaturation at 94°C for 15 s, annealing for 30 sec (at
62°C for β-actin, 60°C for GCP3, and 58°C for mGluR3, respectively), and extension at
72°C for 30 s. Subsequently, melting curve analysis was performed to verify the specificity
of the PCR products.

The quantification of target RNA was achieved in triplicate according to the standard curve
method with β-actin as a calibrator. The primer sequences were as follows: mGCP3 sense, 5'
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- CACGACCAGCAATTGAGAAA- 3'; mGCP3 antisense, 5' -
TGCTTGGAGCAAAGATGATG- 3'; mGluR3 sense, 5' -
GAAAGGACAAAGGCAGCAAG- 3'; mGluR3 antisense , 5' -
GGGTCCAATGTTTCCTGCTA- 3'; β-actin sense, 5' - AGTGTGACGTTGACATCCGTA-
3'; β-actin antisense, 5' - GCCAGAGCAGTAATCTCCTTCT- 3'. All primer pairs delivered
gene single products, which were sequenced to confirm specificity.

GCP II protein and enzyme activity analysis
Mouse brain tissues were homogenized in ice-cold 50 mM Tris-HCl buffer (pH 7.4) and
centrifuged at 4000g for 30 min at 4°C. The resulting supernatant was removed. The
membrane pellets were resuspended in 50 mM Tris-HCl buffer and washed by
centrifugation (4000g at 4°C for 30 min). GCP II protein expression in tissues was detected
by chemiluminescence using rabbit antiserum against human GCP II (generated by us) as
the primary antibody, horseradish peroxidase-conjugated goat anti-rabbit IgG H& L
(ab6721, Abcam Inc. Cambridge, MA) as secondary antibody and Western Lightning
Chemiluminescence Reagent (PerkinElmer LAS, Inc. Boston , MA). Comparable levels of
loaded protein were confirmed by re-probing membranes with a β-actin-specific antibody
(Abcam ab8227). Semi-quantitative assessment of protein bands from the fluorograms was
executed by computerized densitometry on a MacIntosh G4 computer (Apple, Cupertino,
CA) using Quantity One Quantitation Software (Bio-Rad, Hercules, CA).

GCP II radioenzymatic assays were performed as described by Robinson et al. (1987) by
using 4 nM N-acetylaspartyl [3H]glutamate (PerkinElmer LAS, Inc, Boston , MA) and
determining the [3H]glutamate liberated by GCP II. The specificity of GCP II-hydrolyzing
activity was assessed by using the inhibitor quisqualic acid.

Behavioral assays
All mice were maintained on a 12/12 h light/dark cycle with food and water available ad
libitum. All procedures were approved by the Wellesley College Institutional Animal Care
and Use Committee and conformed to the standards set forth in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All heterozygous mice used for
behavioral assays were back-crossed at least seven generations to the C57BL/B6
background. Ten heterozygous dams were mated with wild-type C57BL/B6 male mice, and
birth was considered postnatal day (P1). Sixty three mice from 14 litters were tested in total
(see individual experiments for specific details). Testing was conducted from weeks 7 to 6
months. No mortality was noted during behavioral testing, and the experimenters were blind
to genotypes for all testing. In all experiments, apart from prepulse inhibition of startle, only
males were used. This was in order to avoid confounding sex differences (Berger-Sweeny et
al., 1995). Physical and neurological parameters were tested using standard protocols as well
as monitoring for general health by observation (Crawley, 2000). In adulthood (> 8 weeks),
locomotor, social, and cognitive behaviors were assessed using the battery of tests described
below.

Locomotor activity—To measure baseline activity levels, each mouse was placed in a 25
× 47 × 21 cm activity monitoring chamber, and activity was measured by an automated
recording system connected to three pairs of infrared photobeams. Beam breaks, as the mice
moved through the chamber, were counted for 12 hours across the dark cycle to assess
baseline motor activity. Mice had access to food and water throughout the testing session.
Activity levels were measured in male wild type (MWt) n = 12 and male GCP II
heterozygotes (MH) n = 12.
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Rotorod—The rotorod apparatus is designed to assess motor coordination and consists of a
plastic roller (3 cm in diameter) with small grooves running along its turning axis (Lalond et
al., 2005). On the first day, mice were given a training session during which every mouse
was placed on the rotarod at a constant speed (4 rpm) for a maximum of 60 s. Afterwards,
mice received three trials. During the test session, animals were placed on the still rod.
Rotation was started at 4 rpm and accelerated at a constant rate to 40 rpm over 180 s. The
latency to fall off the rotarod was recorded automatically as the mice fell through an infrared
photobeam. (male wildtype (MWt) n = 12; male heterozygotes (MH), n = 13)

Water Maze—The apparatus and procedure follows published protocols (Frick et al., 2000;
Fredricksson et al., 2004). The swim maze is a 150 cm diameter black acrylic pool, 50 cm
deep, with depth of water maintained at 31 cm and thermostatically controlled at 24 °C. A
clear platform (12 cm diameter) invisible to the mice, was placed in a constant position 15
cm from the edge of the pool 1 cm below the surface of the water. Each mouse was given
four trials on each of 8 consecutive days. During each trial the mouse was placed at one of
the four defined compass points at the edge of the pool and given 60 seconds to locate the
submerged platform. On reaching the platform, the mouse was allowed to remain on it for
15 s (orientation period) before being dried and returned to its home cage prior to the next
trial 10 minutes later. For the spatial navigation trials, latency to the platform was measured
as an assessment of the animal's spatial learning. During the probe trial, the platform was
removed entirely, and the mouse was given 60 s to search for the platform and then removed
from the pool by the experimenter. The time each mouse spent in the platform quadrant
during the probe trial was used to evaluate its memory of the platform location. During
working memory trials, the platform was moved to a different quadrant each day and the
mouse was given 4 trials to learn the new platform location. Latency and the percentage of
time spent in the old platform quadrant in comparison to the new platform quadrant were
used to assess the mouse's ability to unlearn the previous platform location and learn a new
position. For every trial, all mice were started in the same location and were allotted a
maximum of 60 seconds to find the platform (MWt, n = 12; MH, n = 12). The mice were
tracked and recorded using Water 2020 (HVS Imaging, UK) video tracking system, which
provided latency, path length, percentage time in each quadrant, and speed data.

Prepulse inhibition (PPI) of acoustic startle—A mouse was placed in the startle
chamber (San Diego Instruments; San Diego, CA). Each chamber was composed of a
ventilated and illuminated sound-attenuating enclosure with a high-frequency loudspeaker
that produces both background 70 dB noise and the various acoustic stimuli. Mice are held
in a nonrestrictive Plexiglas cylinder resting on a platform fitted with a piezoelectric motion
transducing device. Vibrations caused by whole-body startle responses of the mouse were
converted to analog signals by the piezoelectric transducer attached to the underside of the
platform and then digitized and stored by a computer for analysis. Output data were given in
mV. The 70-dB white noise background was presented alone for 5 min to acclimate the mice
to the chamber and then continued throughout the remainder of the test session. Four blocks
of trials were presented with 15 s inter-trial intervals. Blocks 1 and 4 consisted of six pulse-
alone (a 40-msec 120-dB broadband burst) trials. Blocks 2 and 3 each contained five trials,
presented in a pseudo-randomized sequence comprising: a 40-msec broadband, 120-dB
burst, as pulse-alone or, preceded by 50 msec with 20-msec-long prepulses of 73-dB, 76-dB,
or 82-dB (3, 6, and 12 dB above background stimuli); and a no-stimulus trial (Aubert et al.,
2006). Startle magnitude was calculated as the average response to the startle trials
presented during block(s) two and three of the session. PPI was calculated as a percentage of
the pulse-alone scores (Geyer and Swerdlow, 1998). This group contained 13 MWt, 15 MH,
16 female wild-type (FWt), and 18 female heterozygous (FH) mice.
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Social Interaction—The apparatus consisted of a 40.5 cm W × 60 cm L × 22 cm H
Plexiglas chamber divided into three equal compartments. Small 4 cm × 4 cm openings were
located on the dividing walls allowing access to the side compartments. These openings
could be opened and closed. The test consisted of three parts as previously described in Moy
et al. (2004). In the first session, the subject mouse was habituated to the testing apparatus
by placing it in the center compartment and allowing it to explore for 5 min with the
doorways to the side compartments closed. The subject mouse was then returned to its home
cage while the apparatus was cleaned with 70% Ethanol. In the second session, testing
sociability, an unfamiliar male C57BL/6J (Stranger 1), with no prior contact to the subject
mouse, was enclosed in a small wire cage (Galaxy Cup, Spectrum Diversified Designs, Inc.,
Streetsboro, OH) in either the left or the right chamber and allowed to habituate for 1
minute. The location of Stranger 1 was systematically alternated between the left and right
chamber between subject mice to control for location effects. The subject mouse was then
returned to the center compartment, with both doorways open, and allowed to explore for 10
min. Following the 10 min session, both the subject mouse and Stranger 1 were removed
from the apparatus and returned to their home cages while the chamber was cleaned. In the
third session, testing preference for social novelty, Stranger 1 was returned to its enclosure
and a new male C57BL/6J mouse, Stranger 2, was enclosed in the other side compartment.
Both strangers are allowed to habituate for 1 min before the subject mouse was placed in the
center compartment and allowed to explore the apparatus for another 10 min. Both sessions
two and three were videotaped and measurements were obtained of the time the subject
mouse spent in each of the three compartments (with Stranger 1, in the center, and either
alone or with Stranger 2 in sessions two and three, respectively) as well as the number of
entries into each of the side chambers. The social interaction test was performed on 13 MWt
and 12 MH animals.

Statistical Analysis—Statistical analysis on all behavioral tasks was performed using
either an ANOVA or a repeated-measures ANOVA with p < 0.05 considered significant.
Post hoc analysis using two-tailed students t-tests were performed on all ANOVAs found to
be significant.

Results
Generation of GCP II exon 1 and 2 knockout mice

We crossed mice with germ line transmission of the GCP II targeting construct with mice
expressing Cre enzyme to generate GCP II exon 1 and 2 knockout mice. Cre catalyzes a
loxP site-dependent recombination that excises the selection marker sequences from the
targeted allele, leaving a single loxP site instead of exon 1, exon 2, 5'-UTR of GCP II gene,
and neo cassette, yielding GCP II exon 1-2 and 5'-UTR knockout mice (Figure 1).

Wildtype (Wt or GCP II+/+) and heterozygous mice (GCP II+/-) were born at expected
frequencies and appeared normal and healthy. Heterozygous mice were crossed to produce
Wt, heterozygous, and homozygous mice (GCP II-/-). However, no homozygous null
animals (42 expected) were observed in a total of 170 live births from GCP II +/-

intercrosses. Furthermore, we analyzed embryos from heterozygous intercrosses at E11 to
term (expected 1:2:1 ratio of GCP II-/- to GCP II +/- to GCP II+/+) ). None of 87 embryos
examined were homozygous null. We concluded that GCP II is an essential gene in mice
prior to this point in embryonic development.

GCP II protein expression and enzyme activity are decreased
We used Western blot analysis to measure the expression of GCP II. The results revealed
that the antibody against human GCP II protein bound a band of ~100 kDa (Figure 2). The
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expression level of GCP II protein in GCP II mutant heterozygous mice was approximately
50% less than that in Wt animals. To determine whether reduced GCP II protein expression
in heterozygous mutant mice affects the enzyme function, membrane preparations from the
animals were examined for GCP II hydrolysis activity. GCP II activity in the brain of
heterozygous mutant mice was decreased 51+/- 4%, compared to that in wild type mice
(N=9; p<0.001). The [3H] NAAG hydrolysis was completely inhibited by the GCP II
inhibitor quisqualic acid in all samples assessed, indicating that the degradation of [3H]
NAAG was GCP II specific (data not shown).

GCP III and mGluR3 transcript level are similar in GCP II heterozygous mutant and wild
type mice

In order to determine whether the disruption of the GCP II gene resulted in compensatory
changes related to NAAG metabolism and function in the nervous system, GCP III and
mGluR3 mRNA transcript levels in brain tissues obtained from wild type and GCP II
heterozygous mutant mice were examined. The result showed no differences in message
transcript levels of GCP III and mGluR3 between wild type and GCP II heterozygous
mutant mice (N=9).

Behavioral analysis
We completed an initial behavioral characterization of the GCP II mice focusing on tasks,
which are behaviorally relevant to the symptoms exhibited by patients with schizophrenia.
Behavioral tasks included two measures of motor function, a social interaction test to assess
both sociability and preference for social novelty, a swim maze task to assess cognitive
function, and prepulse inhibition (PPI) to assess sensorimotor gating. GCP II+/- mice
exhibited no motor deficits compared to Wt controls. Motor coordination was normal in the
heterozygous mice as assessed by the rotorod. Mean time to fall was 102 ± 27 s for Wt and
92 ± 26 s for GCP II+/- mice (F(1,23) = 1.17 p = 0.29). Baseline locomotor activity levels
revealed that the GCP II heterozygous mice were hyperactive compared to Wt mice
measured over a 12 hour period (Fig. 3). The average number of beam breaks/hour for GCP
II+/- was 483 ± 143 and for Wt mice was 399 ± 60 (F(1,22) = 5.02, p < 0.05). However, a
repeated-measures ANOVA revealed no significant interaction between genotype and time
interval (F(11,22) = 1.27, p = 0.52) suggesting that the GCP II heterozygous mice habituated
to the chamber similar to control animals.

The social interaction test (Moy et al., 2004) was designed to assess sociability as well as a
preference for social novelty both of which have been shown to be impaired in rodent
models of reduced NMDAR function and schizophrenia (Rung et al., 2005). The results
from both sessions of this test were suggestive of abnormal social interactions in the GCP II
heterozygous mutant mice. A two-way repeated-measures ANOVA revealed a significant
interaction between compartments and genotype across the two sessions (F(1,22) = 5.96, p <
0.05). Post hoc tests revealed that, during the first session, the Wt mice showed a preference
for the compartment in which an unknown stranger mouse, Stranger 1, resided (t(22) = 4.61,
p < 0.001) whereas the GCP II+/- mice showed no preference for compartment (t(22) = 0.29,
p = 0.78)(Fig. 4A). These data were indicative of social withdrawal in the GCP II
heterozygous mice. During the second session, Wt mice appeared to have switched their
preference to a second unknown stranger, Stranger 2, rather than spending time with the
now familiar Stranger 1. However, post hoc analysis comparing time spent with Stranger 1
versus Stranger 2 indicated that this difference was not statistically significant (t(24) = 1.80,
p = 0.08). Similar to the first session, GCP II heterozygous mutant mice showed no
preference for compartment (t (22) = 0.82, p = 0.42) (Fig 4B). Data from the second session,
while not conclusive, were suggestive of a deficit in the ability of the GCP II heterozygous
mutant mice to recognize the presence of a novel mouse.
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The water maze was chosen as a cognitive task because it is sensitive to subtle cognitive
impairments, and the mouse's performance can be assessed relatively quickly (Frick et al.,
2000). GCP II heterozygous mutant mice showed a subtle cognitive deficit on the working
memory portion, but not the spatial reference portion of a spatial water maze task.

GCP II heterozygous mutant mice performed similarly to controls during the acquisition
phase of spatial learning. A repeated-measures ANOVA revealed that both GCP II+/- and Wt
mice learned to find the hidden platform as evidenced by a decrease in latency to the
platform over the 8 days of testing (F(7,16) = 28.208, p << 0.001) (Fig. 5A) with no
significant interaction between latency and genotype (F(7,16) = 0.5, p = 0.821). During the
probe trial, an ANOVA revealed a significant effect of quadrant (F(3,20) = 14.262, p <<
0.001) with both genotypes spending significantly more time in the platform quadrant (wt
42.8 ± 3.4 %; GCP II+/- 41.0 ± 3.6 %) than the other three quadrants (all p's << 0.001) and
no significant interaction with genotype (F(3,20) = 1.305, p = 0.300) suggesting that the GCP
II+/- mice had learned the location of the platform similarly to the Wt mice (Fig. 5B).

The GCP II heterozygous mice were subtly impaired on the first day of the working memory
portion of the water maze task. During this task, mice were given four trials to learn the new
location of the hidden platform. A repeated-measures ANOVA of latency to platform
revealed that both WT and GCP+/- mice learned the new platform location across trials
(F(3,20) = 3.85, p < 0.05); however, there was no significant interaction between latency to
platform across the four trials and genotype (F(3,20) = 0.57, p = 0.64; data not shown).
Although, a comparison of the percentage of total time spent in the original and new
quadrants between Wt and GCP II+/- mice revealed a difference in how well the mice
learned the new platform location (Fig. 5C, D). A two-way repeated measures ANOVA
comparing the time spent in the original quadrant to the time spent in the new platform
quadrant across trials revealed a significant interaction between quadrant and genotype
(F(1,22) = 5.632, p < 0.05). Post hoc analysis revealed that, on average, Wt mice spent
significantly more time in the new platform quadrant, Q2, than GCP II heterozygous mutant
mice (t(22) = 2.41, p < 0.05) (Fig. 7E). Wt mice also spent significantly more time in the
new platform quadrant, Q2, in comparison to the old platform quadrant, Q1 (t(22) = 4.05, p
<< 0.001) while the GCP II+/- mice spent similar amounts of time in both quadrants (t(22) =
0.40, p = 0.70). Both genotypes spent similar amounts of time in quadrants Q3 and Q4, in
which the platform had not been located. GCP II heterozygous mutant mice performed
similarly to Wt mice on all other days of the working memory task (data not shown).

Prepulse inhibition of acoustic startle was examined in the GCP II mice because impaired
PPI has been demonstrated in patients with schizophrenia (Braff et al., 2001). GCP II+/-

mice exhibited no deficits compared to Wt animals on PPI. The response to the startle alone
measured in the GCP II+/- mice (268 ± 126 mV) was not significantly different from
wildtype animals (234 ± 134 mV; F(1,55) = 1.54, p = 0.22). The PPI was measured for
prepulses given at three different intensities (3, 6, and 12 dB) above background. A two-way
ANOVA showed that GCP II+/- mice responded similarly to Wt at all three intensities
(F(2,55) = 0.57, p = 0.64) suggesting that sensorimotor gating in these animals is intact (Fig.
6).

Discussion
Two mouse lines with a loss of functional GCP II protein had been developed previously;
however, they led to very divergent phenotypes. Bacich et al. (2002) reported that mice
homozygous for stop mutations in exons 1 and 2 exhibited a minimal phenotype in
adulthood. In contrast, Tsai et al (2003) found early embryonic lethality for mice
homozygous for an exon 9-10 excision, which deletes the cofactor binding site in GCP II.
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The new model described here, in which exon 1-2 and the 5' UTR are deleted appears to be
consistent with that of Tsaiet al. (2003). It remains unclear why there is such a marked
phenotypic difference between knockout strategies. It is notable that embryonic death in the
Tsai et al. (2003) knockout and the knockout described here occurs prior to meaningful
development of the central nervous system including the neural tube, which indicates that
neuronally mediated events are unlikely to account for the lethality. We have detected GCP
II expression in embryonic stem cells, suggesting that it may play an important role at very
early stages of embryonic development (Tsai et al., 2003). GCP II also catalyzes the removal
of the polyglutamate tail from dietary polyglutamyl folates (Halsted et al., 1998). Perhaps
this early role in development may involve the disposition of folic acid. The dramatic
phenotype of GCP II null mice clearly demonstrated the essential role of GCP II in
embryonic development and survival.

Bacich et al. (2002) reported that mice homozygous for a null mutation in GCP II had a
subtle behavioral phenotype including differences in anxiety measures and food intake.
They reported a 7 to 18 percent residual “NAAG peptidase activity in brain, kidney and
liver.” When GCP II was originally characterized as a quisqualate sensitive NAAG
hydrolase, virtually no activity was observed in the rat liver and no immunoreactive protein
was found on Western blot. Shafizadeh and Halstead (2007) in characterizing folate
hydrolase activity in the rat intestine found that the bulk of the activity was due to γ-
glutamyl hydrolase and not GCP II, and they observed a very faint GCP II transcript in the
liver after RT-PCR. They noted subtle differences in the kinetics, inhibitor sensitivity and
affects of metal ions on activity of wild type as compared to residual NAAG peptidase
activity in brain membranes. Interestingly, the wild type and residual brain membrane
activity in the mutants also exhibited several differences from cloned GCP II transfected into
CHO cells. Bzdega et al. (2004) identified another NAAG hydrolase with a μM Km that
they designated GCP3. Northern blots did not show GCP3 mRNA in brain, in contrast to the
ovary, testes and lung. However, RT-PCR revealed weak brain expression with regional
brain differences. Bzdega et al. (2004) argued that GCP3 is unlikely to account for the
residual NAAG hydrolase activity in the GCP II knockout mice because that activity was
much less sensitive to inhibition by 2-PMPA whereas GCP II and GCP3 are equally
sensitive to 2-PMPA. O'Keefe et al. (2004) described a PSMA-like gene that possesses 98%
identify to the PSMA gene at the nucleotide level but is under the control of a different
promoter than the PSMA gene and lacks the exon 1 encoding transmembrane domain. As
the transmembrane domain is essential for glycosylation, and glycosylation is indispensable
for enzymatic activity (Speno et al., 1999), it would seem that this protein, if expressed,
would not result in active enzyme.

We hypothesized that with approximately 50% the Wt levels of GCP II, the GCP II
heterozygous mutant mice would display a behavioral phenotype characteristic of animals
with reduced NMDAR function. Furthermore, this reduction recapitulates the decreased
expression of GCP II observed in post-mortem brain in schizophrenia (Tsai et al., 1995;
Hakak et al., 2001; Tkachev et al., 2007; Guilarte et al., 2008). Previous behavioral studies
show that mice with genetic or pharmacological disruptions of NMDA receptors exhibit
several behavioral abnormalities including hyperactivity, abnormal social behavior,
impaired PPI, and cognitive deficits in working memory tasks (Duncan et al., 2004,
Enomoto et al., 2007, Mohn et al., 1999). Behavioral testing of the GCP II mice revealed
alterations in three of these four behavioral domains. Specifically, GCP II heterozygous
mutant mice were hyperactive exhibited signs of social withdrawal, and showed a subtle
cognitive deficit on the working memory portion of a spatial water maze task compared to
Wt mice.
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The cognitive deficit in the GCP II heterozygous mice was present only on the first day of
the working memory swim maze task suggesting that while the GCP II mice are initially
worse at unlearning the platform location, they do eventually unlearn the old position and
learn the new platform position. During the four trials, both genotypes had similar latencies
to find the platform; however, after the first trial, these times were so short (between 3 and 5
seconds) and the variation between animals too large to find significant differences in
performance. Instead, by comparing amount of time spent in the two quadrants of interest,
the original platform quadrant, Q1, and the new platform quadrant, Q2, we believe that this
uncovered a difference in the strategy the two genotypes employed to find the platform. The
GCP II heterozygous mice spend significantly more time in the original platform quadrant,
Q1, rather than switching preference to the new platform quadrant, Q2, across the 4 trials
unlike the Wt animals who immediately swam to the new platform location. These data
suggest that the GCP II+/- mice were more likely to be perseverating on the previous
platform location. Thus, an impairment in the reversal of spatial reference memory likely
underlies the initial impairment in working memory observed during the first day with a new
platform position.

While the GCP II heterozygous mice do not exhibit all of the behavioral deficits implicated
previously with NMDAR hypofunctioning, they do show several behavioral abnormalities
that are associated with NMDAR malfunctioning. The subtle behavioral phenotype
described here resembles that of two other recombinant models of schizophrenia: the DISC1
dominant-negative knock-in (Hikida et al., 2007) and the serine racemase knock-out (Basu
et al., 2008). Notably, PPI was not disrupted in all three models, consistent with the
observation that sensory gating abnormalities are an endophenotype not shared by all
individuals, or expected to be present in all animal models with schizophrenia.(Swerdlow et
al., 2008).

In conclusion, we report here that GCP II homozygous mutant mice, in which exon 1-2 and
5'-UTR of GCP II were removed, exhibit early embryonic lethality. This data corroborates
earlier findings that GCP II homozygous mutants, generated by removing exons 9 and 10 of
GCP II gene, were embryonic lethal and confirms our hypothesis that GCP II plays an
essential role in embryonic development. In addition, GCP II heterozygous mice exhibit
behavioral abnormalities reminiscent of those described in mouse models of NMDA
receptor hypofunction and humans with schizophrenia. Thus the GCP II knockout appears to
be both a good model to study NMDA receptor hypofunction as well as some of the
behavioral characteristics of schizophrenia.
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Fig. 1.
Knockout targeting strategy. In the targeting construct, LoxP1 and neo cassette flanked by
two LoxP(LoxP2 and LoxP3) sites were inserted into upstream sequences of exon 1 and
downstream sequences of exon2. Chimeric mice were bred with 129S6/SvEv Tac mice. The
F1 mice with targeted germ line transmission of GCP II mutation were crossed with Cre
recombinase-expressing mice. After Cre/LoxP-mediated recombination, neo cassette, exon 1
and exon 2 were excised, yielding GCP II knockout mice. PCR primers used for initial
screening of ES and targeted mice are indicated by numbered arrows.
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Fig. 2.
Western blot analysis of GCP II protein from representative prefrontal cortex of brain tissues
from Wt and GCP II+/- mice using rabbit antiserum against human GCP II as primary
antibodies. The membrane protein from a prostate cancer cell line, LNCaP, was used as a
positive control. Semi-quantitative analysis of band density showed that the level of GCP II
protein in GCP II+/- mice was approximately half that in Wt mice.
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Fig. 3.
GCP II heterozygous mice are hyperactive compared to controls. Each data point represents
the total number of photobeam breaks ± S.E.M. within a single hour interval during the dark
cycle. GCP II+/- mice were significantly more active than Wt mice but showed a similar
pattern of habituation across time.
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Fig. 4.
GCP II heterozygous mice exhibit abnormal social behavior. The duration of time spent in
each compartment + SEM for Session 1 (A) and Session 2 (B) of a social interaction task.
(A) GCP II heterozygous mice exhibited signs of social withdrawal. While Wt mice
preferred to spend time with a Stranger mouse (black bars) rather than alone (grey bars),
GCP II+/- mice spent equal amounts of time in both compartments. (B) Neither Wt nor GCP
II+/- mice showed a preference for interacting with a new Stranger mouse (grey bars) in
comparison to the Stranger (black bars) in which they had previously interacted. *** P <
0.001.
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Fig. 5.
GCP II heterozygous mice are impaired on the working memory portion of a spatial water
maze task. (A) The average latency + SEM to find the platform each day of the 8 day water-
maze task. Both Wt (black boxes) and GCP II+/- (grey boxes) mice learned to find the
platform across days. (B) The percentage of 60 seconds + SEM on the probe trial spent
within the platform quadrant (Q1) in comparison to the quadrants in which the platform was
not located (Q2-Q4). Both Wt (black bars) and GCP II+/- (grey bars) mice spent significantly
more time in Q1 than each of the other 3 quadrants with the dashed line representing chance
performance level. There were no significant differences between the genotypes for any
quadrant. (C, D) The percentage of time + SEM spent in either the original platform
quadrant, Q1 (C) or the new platform quadrant, Q2 (D) across the four trials for Wt (black
bars) and heterozygous (grey bars) mice on first day of the working memory task. (E) The
average percentage of time across the 4 trials + SEM spent in the original platform quadrant
(Q1) or the new platform quadrant (Q2). Wt mice spent significantly more time in the new
quadrant (Q2) than they did in Q1 or than the GCP II+/- mice spent in Q2. * p < 0.05, *** p
< 0.001.
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Fig. 6.
GCP II heterozygous mice are not impaired in PPI of the acoustic startle response. The %
PPI + S.E.M. for 3 pre-pulse intensities in Wt (black bars) and GCP II+/- mice (grey bars). %
PPI increases with increasing decibel level of the prepulse in both the Wt and GCP II+/-

mice as expected. There were no significant differences between the genotypes at any
prepulse.
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