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Abstract
Dysregulated glutamatergic neurotransmission has been strongly implicated in the pathophysiology
of schizophrenia (SCZ). Recently, presynaptic modulation of glutamate transmission has been shown
to have therapeutic promise. We asked whether genetic knockdown of glutaminase (gene GLS1) to
reduce glutamatergic transmission presynaptically by slowing the recycling of glutamine to
glutamate, would produce a phenotype relevant to SCZ and its treatment. GLS1 heterozygous (GLS1
het) mice showed about a 50% global reduction in glutaminase activity, and a modest reduction in
glutamate levels in brain regions relevant to SCZ pathophysiology, but displayed neither general
behavioral abnormalities nor SCZ-associated phenotypes. Functional imaging, measuring regional
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cerebral blood volume, showed hippocampal hypometabolism mainly in the CA1 subregion and
subiculum, the inverse of recent clinical imaging findings in prodromal and SCZ patients. GLS1 het
mice were less sensitive to the behavioral stimulating effects of amphetamine, showed a reduction
in amphetamine-induced striatal dopamine release and in ketamine-induced frontal cortical
activation, suggesting that GLS1 het mice are resistant to the effects of these pro-psychotic
challenges. Moreover, GLS1 het mice showed clozapine-like potentiation of latent inhibition,
suggesting that reduction in glutaminase has antipsychotic-like properties. These observations
provide further support for the pivotal role of altered glutamatergic synaptic transmission in the
pathophysiology of SCZ, and suggest that presynaptic modulation of the glutamine–glutamate
pathway through glutaminase inhibition may provide a new direction for the pharmacotherapy of
SCZ.
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INTRODUCTION
Alterations in glutamatergic synaptic transmission have been repeatedly implicated in the
pathophysiology of schizophrenia (SCZ). Specifically, it has been proposed that NMDA
receptor hypofunction engenders SCZ symptomatology, as PCP and other NMDA receptor
blockers induce or exacerbate SCZ-like symptoms in man, and mimic aspects of the disorder
in animals (Arguello and Gogos, 2006; Javitt and Zukin, 1991). Although NMDA receptor
hypofunction might reflect a state of general glutamate deficiency, animal studies have shown
that NMDA receptor antagonists paradoxically potentiate glutamate neurotransmission in
cortical and subcortical regions (Moghaddam et al, 1997; Razoux et al, 2007; Takahata and
Moghaddam, 2003), and that genetic reductions in glutamate uptake produce mice with
putatively elevated glutamate function and SCZ-related phenotypes (Karlsson et al, 2008;
Karlsson et al, 2009). Recent clinical studies indicate that drugs that reduce excitatory
glutamatergic transmission, such as the glutamate release inhibitor, lamotrigine (Hunt et al,
2008; Large et al, 2005; Tiihonen et al, 2003) and the mGlu2/3 agonist, LY404039 (Patil et
al, 2007) show therapeutic efficacy in SCZ. Taken together, these studies indicate that the role
played by glutamate transmission in SCZ-related pathology is complex, and suggest that
reducing glutamate release in mice could engender phenotypes relevant to the psychopathology
or pharmacotherapy of SCZ.

Although there are mechanisms for de novo synthesis of glutamate in neurons (Maciejewski
and Rothman, 2008), most neurotransmitter glutamate is recycled through the glutamate–
glutamine cycle (Hertz and Zielke, 2004), in which phosphate-activated glutaminase 1 (gene
GLS1) converts glutamine to glutamate in neurons; astrocytes then take up synaptically
released glutamate and convert it to glutamine, which is transported back to neurons (Chaudhry
et al, 2002). To date, the glutamate–glutamine cycle has not been directly explored in animal
studies of SCZ-related pathophysiology, although there is evidence for pathological alterations
in the expression of several molecules participating in the cycle, including glutaminase
(Bruneau et al, 2005; Gluck et al, 2002; Steffek et al, 2008), in SCZ. Although homozygous
GLS1 null mice (GLS1 knockouts) die shortly after birth, mice heterozygous for the mutation
(GLS1 hets) are ostensibly normal (Masson et al, 2006), and so provide a way to address
whether a reduction in glutamate recycling might have relevance to SCZ.

In this study, we phenotyped GLS1 het mice on multiple levels, starting by showing that GLS1
haploinsufficiency impacts brain glutamate function. We then asked whether the mice would
display phenotypes relevant to the pathophysiology or treatment of SCZ. In a recent fMRI
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study in SCZ and prodromal populations, we found that SCZ is associated with hippocampal
(HIPP) hyperactivity, driven mainly by hyperactivity in the CA1 subfield and the subiculum
(SUB) (Schobel et al, 2009). We used a similar fMRI technique to see whether GLS1 hets
display SCZ-like HIPP hyperactivity, and continued to phenotype the mice using a multi-level
approach, in an attempt to determine how well their imaging, neurochemical, and behavioral
phenotypes align with hallmark findings in human and animal studies of SCZ.

METHODS
Detailed methodology for all procedures, with the exception of generation and care of mice,
is provided in the Supplementary Information (SI).

Mice
GLS1 het mice were made by insertion of a floxed PGKneo-Stop cassette through homologous
recombination ahead of the transcription initiation site in exon 1 of the GLS1 gene (Entrez
Gene 14660), as described earlier (Masson et al, 2006). The GLS1 mutant colony was kept on
a mixed background 129SvEv/J-C57BL6/J. Mice were obtained from crosses of GLS1 hets
and wild-type (WT) mice (heterozygous breeding). Animals were maintained on a 12-h light–
dark cycle; all experiments were performed during the light phase. Experiments were
conducted on adult mice 3–6 months of age, using matched WT littermates as controls. Male
mice were used throughout, except for the electrophysiological recordings (where both male
and female mice were used). Procedures involving mice and their care were conducted in
conformity with the institutional guidelines of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and performed under protocols approved by the
Institutional Animal Care and Use Committees of Columbia University and New York State
Psychiatric Institute. Food and water were provided ad libitum, except for the delayed non-
match/match to sample and interval timing experiments (see below, and SI).

Enzymatic Activity
Tissue preparation and measurement of glutaminase activity were performed according to the
established procedures (Conjard et al, 2002; Curthoys and Lowry, 1973). Enzymatic activity
of glutaminase was expressed as micromoles of glutamate produced per mg protein per hour.

1H Magnetic Resonance Spectroscopy
High-resolution magic angle spinning 1H magnetic resonance spectroscopy (HR-MAS 1H
MRS) tissue collection, data acquisition and spectrum analysis were performed on intact tissue
samples as described earlier (O’Leary-Moore et al, 2007). Absolute concentrations of MRI-
visible metabolites (Supplementary Information, Figure S1) were corrected for wet tissue
weight and expressed as nmol/mg.

Immunocytochemistry
The immunostaining procedure was performed using a monoclonal antiserum directed against
the carbodiimide conjugate of glutamate, as described earlier (Madl et al, 1986). Mean
intensities were calculated from the pixel intensity histograms generated from image mosaics.

Behavioral Testing
Locomotor activity in the open field—Baseline and amphetamine-induced locomotor
activity in the open field was measured following the established methodology (Paterlini et
al, 2005). The total distance traveled during successive 10-min bins was recorded and analyzed.
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Rotarod—Motor learning was determined using an accelerating rotarod apparatus, as
described earlier (Sharma et al, 2005). Latency to fall off the accelerating rotarod was recorded
and analyzed.

Light–dark emergence test—The light–dark emergence test was conducted as described
earlier (Belzung et al, 1987). The time spent in the light and dark compartments was recorded,
as were the number of transitions between compartments and the total ambulatory distance in
each compartment.

Prepulse inhibition of startle—Prepulse inhibition of startle was measured as described
earlier (Paylor and Crawley, 1997). Maximum startle amplitude, averaged across trials for each
of the three prepulse intensities that were used, was the dependent variable. Percent prepulse
inhibition (PPI) of the startle response was calculated as follows:

Delayed non-match/match-to-sample—The test was performed as described earlier
(Dias and Aggleton, 2000; Kellendonk et al, 2006), with slight modifications. Briefly, testing
was conducted in a Y maze and consisted of two consecutive tasks: a delayed non-match-to-
sample (DNMTS) task and a delayed match-to-sample (DMTS) task. In the DNMTS phase,
mice were tested in four trials per day, each trial began with a forced run, in which mice
collected a food reward from a randomly chosen left or right arm while the entrance to the
other arm remained closed, and continued after an interval of 4 s with a choice run, in which
both arms were opened and a correct choice was scored when the mouse visited the arm
opposite to that visited on the forced run. The number of correct trials was recorded. The
number of days required to reach criterion (11 out of 12 choices over 3 days) was assessed for
each mouse.

A subset of the mice that completed the DNMTS task continued on to a MTS task, in which
mice in the choice run were reinforced for visiting the same arm as in the forced run. The
number of days required to reach criterion, that is, to switch from the perseverative (< 2 out of
4 correct trials) to the learning phase (⩾ 2 out of 4 trials), was assessed for each mouse (Dias
and Aggleton, 2000).

Fixed-interval conditioning and interval timing—Fixed-interval (FI) conditioning and
interval timing were measured as described earlier (Drew et al, 2007). Briefly, FI training began
following the operant lever-press training, in which mice learned to consume the liquid reward
from a dipper and to press a lever to earn reward. In FI training, lever presses were reinforced
after a minimum interval had elapsed from the bar extension until reward became available.
Mice began on FI-4 s schedule, and progressed to 4, 8, 12 and 16 s (16 s) FI durations. When
a mouse reached the criterion of 40 rewards in one session on the FI-16 s schedule it was moved
to peak interval (PI) training. PI training consisted of two trial types: Fixed-interval FI-16 s
trials (as described above) and Peak trials, in which the lever was extended for 64 s but lever
presses were not reinforced. On these trials, the likelihood of responding increases as the
expected time of reward (ie, 16 s) approaches, and then declines. Response rates (responses/
s) and latency to respond during FI training and PI trials were recorded and analyzed.

Fear conditioning to tone and context—Fear conditioning was performed according to
the standard procedure, as described earlier (Saxe et al, 2007). The percent of time spent
freezing was assessed using FreezeFrame software during conditioning (day 1), tone test (day
2), and context test (day 3). On day 1, freezing was scored during the 20 s of each tone
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presentation. On day 2, freezing was scored for the 20 s before the first tone presentation (pre-
tone freezing) and during the 20 s of the first tone presentation (tone-period freezing). On day
3, the entire context test session was scored for freezing.

Morris Water Maze—Testing was conducted according to the standard procedure, as
described earlier (Saxe et al, 2007), with slight modifications. Briefly, after a 2-day habituation,
visible platform training (day 3) and hidden platform training (days 4–11) were performed,
followed by two probe trials conducted 1 h and 7 days after the last hidden platform training
session. During platform training, time (s) to reach the platform was recorded and analyzed on
each trial. On probe trials, percent time in each quadrant was recorded and analyzed.

Novel object recognition—Testing was conducted according to the established
methodology (Ennaceur and Delacour, 1988). Briefly, the Novel Object Recognition Test was
conducted in two phases, a sample and a retention test phase. Object exploration times during
both phases were recorded and analyzed.

Latent inhibition—Testing was conducted according to the established methodology (Yee
et al, 2006). Freezing behavior was assessed using FreezeFrame software during the four
phases of the procedure as follows: pre-exposure, conditioning, context test, and tone test. Pre-
exposure and conditioning were conducted consecutively, on day 1 of the experiment.
Clozapine (1.5 mg/kg) was injected i.p. on day 1, 30 min before the behavioral procedure. On
the tone test day, percent pre-tone freezing was defined as the average freezing during the 180
s preceding tone onset. The freezing ratio for each animal was calculated using the formula B/
(A + B), in which A is the percent freezing during the 30 s immediately preceding tone onset
and B the percent freezing during the tone.

In Vivo Imaging
A modified mouse imaging protocol (Moreno et al, 2007; Pereira et al, 2007) was used for
generating baseline and post-ketamine relative cerebral blood volume (rCBV) maps. Briefly,
seven sets of axial T2-weighted images were acquired sequentially. The contrast agent
gadodiamide was injected (13 mmol/kg i.p.) after a pre-contrast set. Ketamine (30 mg/kg) was
injected through the catheter after three post-contrast sets. The last three sets corresponded to
the post-ketamine post-contrast images. Normalized rCBV measurements from each subregion
were used for group data analysis.

Slice Physiology
Spontaneous EPSCs (sEPSCs) were recorded under GABAA blockade from CA1 pyramidal
neurons (HIPP) or large pyramidal neurons in layer V/VI (anterior cingulate) slices, as
described earlier (Masson et al, 2006). The amplitude and frequency of sEPSCs were recorded
and analyzed.

Measurements of synaptic strength in HIPP slices were done at 29°C. CA1 field EPSPs
(fEPSPs) were evoked and recorded as described earlier (Yano et al, 2006) with both
stimulating and recording electrodes in the CA1 stratum radiatum. Stimulus voltages (V) was
plotted against the slope of the fEPSP to determine the input–output relationship. All
electrophysiology experiments were done blind to genotype.

Microdialysis
WT-GLS1 het yoked pairs were stereotaxically implanted with microdialysis guide cannulae
in the striatum. On the in vivo microdialysis session, mice were placed in testing chambers for
30–45 min, and microdialysis probes were slowly inserted to extend 2mm beyond the tip of
the guide cannulae, and perfused with an artificial cerebrospinal fluid (aCSF) at a flow rate of
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2.0 µl/min. Dialysate collection began 2.5 h after probe insertion, and consisted of four
consecutive 15-min baseline samples. Amphetamine was then administered (2.0 mg/kg, i.p)
and four more 15-min samples collected. Probe placement in the medial or central striatum
was verified in Nissl-stained sections (Supplementary Information, Figure S2). Quantification
of dopamine (DA) in the dialysis samples was performed by high-pressure liquid
chromatography with electrochemical detection. Concentrations of DA and its metabolites
were quantified using an external standard curve from standards prepared in the same aCSF/
preservative mixture as the brain dialysates.

Statistical Analysis
Behavioral and electrophysiological data were subjected to t-tests or to ANOVA analysis using
JMP (SAS, Cary, NC) or SPSS (Chicago, IL). Fisher’s least statistical difference (LSD) post
hoc tests were conducted to test differences between groups when interactions were statistically
significant. Significance level was set to p < 0.05. For the microdialysis experiments, a
matched-pairs design was used, allowing for comparisons within related WT-GLS1 het pairs.
As similarly normal distributions of DA values across genotypes could not be assumed, the
Wilcoxon test for related pairs was used. Post hoc power analysis was performed using G*
Power 3.0.10 (Faul et al, 2007).

RESULTS
Reduction of Glutaminase Activity in the Brains of GLS1 hets

We showed earlier that GLS1 message was decreased to about half in GLS1 hets (Masson et
al, 2006). However, enzymatic activity may remain near normal despite significant reductions
in expression. Thus, we first assessed glutaminase activity in whole brain, and found that it
was reduced by about 50.0%, with GLS1 het brain showing activity of 9.8 ± 0.5 and WT brain
showing an activity of 19.6 ± 1.2 micromoles per mg protein per hour (n = 13; independent
samples t-test, p < 0.0001). We then examined regional glutaminase activity in the frontal
cortex (FC), HIPP, and thalamus (THAL), and found glutaminase activity to be significantly
reduced in all three regions (n = 12, repeated-measure ANOVA with genotype as the between-
subject factor and region as the within-subject factor, main effect of genotype, F(1,10) = 42.6,
p < 0.0001, no main effect of region or genotype × region interaction p values > 0.1). Activity
levels were reduced to 40.2, 45.9, and 41.8% of WT levels in the FC, HIPP, and THAL,
respectively (Figure 1a).

GLS1 hets Have Reduced Levels of Glutamate in FC And Hippocampus
Glutaminase is constitutively active in the brain but subject to end product inhibition, so despite
the 50% inhibition in activity, there might be sufficient reserve activity to maintain normal
glutamate levels (Curthoys and Watford, 1995). Therefore, we used HR-MAS 1H-MRS to
measure levels of glutamate and related neurochemicals in tissue punches from FC, HIPP, and
THAL of GLS1 hets and their WT littermates. The experiment included 25 samples from FC,
15 samples from HIPP, and 15 samples from THAL. Data were analyzed with unpaired two-
tailed t-tests comparing WT and GLS1 het mice in each region. We found that glutamate levels
were reduced in GLS1 hets (Figure 1b1) by 16% in the FC (p < 0.005) and 13% in the HIPP
(p < 0.05). Reductions in glutamate levels were accompanied by increased glutamine levels,
and reduced glutamate–glutamine ratios (Figure 1b2), in the FC (p < 0.05), HIPP (p < 0.005),
and THAL (p < 0.05). Several other neurochemicals, including myo-inositol, lactate, and
GABA, were altered in the HIPP of GLS1 het mice (Supplementary Information, Figure S1b).

To verify the decreases in glutamate further, tissue sections were immunostained with Glu2,
a mouse monoclonal antibody directed against carbodiimide-conjugated glutamate (Madl et
al, 1986). The experiment included 21 sections from FC, 26 from HIPP, and 18 from THAL.
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Data were analyzed with unpaired two-tailed t-test comparing WT and GLS1 het mice and
showed reductions in glutamate-associated fluorescence (Figure 1c) in the FC (p < 0.005) and
HIPP (p < 0.05), with a trend in THAL (p = 0.078).

GLS1 hets Show no Alteration in Basic Behavioral Measures
To determine whether the glutamate deficiency in GLS1 hets is associated with behavioral
abnormalities, we carried out a broad-based behavioral screen to assess baseline locomotor
activity, sensory gating, motivation, cognitive function, and behavior relevant to SCZ
psychopathology.

Baseline locomotor activity—Abnormal locomotor activity levels may point to
underlying neurological, motor, or motivational deficits. In the context of SCZ, hyperactivity
in animal models can be associated with increased dopaminergic transmission (Arguello and
Gogos, 2006; Karlsson et al, 2008), one of the hallmark findings in SCZ, with special relevance
to positive symptoms (Arguello and Gogos, 2006). We tested locomotor activity in drug-naïve
GLS1 hets and their WT littermates. The experiment included 42 mice. Data were analyzed
with a repeated-measure ANOVA, with genotype as the between-subject factor and testing
time as the within-subject factor. As can be seen in Figure 2a, the total ambulatory distance
traveled by GLS1 hets over a period of 30 min did not differ from that of their WT littermates
(no main effect of genotype F(1,40) < 1, NS). A time-dependent decrease in locomotor activity
(habituation) was observed for both WT mice and GLS1 hets (main effect of time F(2,80) =
16.24, p < 0.0001, no time × genotype interaction F(2,80) < 1, NS).

Rotarod—The latency to fall off an accelerating rotarod is commonly used to assess
coordination and balance, and the rate of improvement over repeated training as a measure of
motor learning (Sharma et al, 2005). The experiment included 20 mice. Data were analyzed
with a repeated-measure ANOVA, with genotype as the between-subject factor and session as
the within-subject factor. As can be seen in Figure 2b, GLS1 hets and their WT littermates
exhibited similar latencies across testing sessions (no main effect of genotype F(1,18) = 1.25,
p > 0.1). An improvement in performance across sessions was observed for both genotypes
(main effect of session F(5,90) = 45 562, p < 0.0001, no session × genotype interaction F(5,90)
< 1, NS), indicating that motor learning in GLS1 het mice was not impaired.

Light–dark emergence—Alterations in glutamatergic synaptic function have been
associated with anxiety phenotypes (Tordera et al, 2007). To address this, we conducted the
light–dark emergence test. The experiment included 15 mice. Data were analyzed with
unpaired two-tailed t-tests comparing GLS1 hets to their WT littermates. GLS1 hets showed
no genotypic differences in the time spent in the light to dark compartment (p > 0.5, Figure 2c,
left panel). Similarly, there were no genotypic differences in the number of transitions between
compartments (p > 0.1, data not shown), or in total ambulatory distance during the 5 min test
session (p > 0.5, data not shown).

Prepulse inhibition of startle—Prepulse inhibition of startle is an operational measure of
sensorimotor gating, a pre-attentive filtering process (Geyer et al, 2002), and an indication of
intact sensory discrimination capacities (Fitch et al, 2008). PPI is widely used to assess SCZ-
related dysfunction of limbic striatal circuits in rodent models, and normalization of PPI has
high predictive validity with regard to antipsychotic efficacy (Braff et al, 2001; Geyer et al,
2002). The experiment included 27 mice. Data were analyzed with repeated-measures
ANOVA, with genotype as the between-subject factor and prepulse intensity as the within-
subject factor. Although the PPI effect was enhanced with increasing prepulse intensity, in
GLS1 hets we observed no abnormalities in PPI at any of the three prepulse intensities used
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(Figure 2d; main effect of prepulse intensity F(2,23) = 40.4, p < 0.0001, no main effect of
genotype or genotype × prepulse intensity interaction, p-values > 0.1).

Delayed non-match/match-to-sample—We assessed the behavior of GLS1 hets and
their WT littermates in a task that involves working memory and behavioral flexibility, and
requires intact prefrontal cortex function (Dias and Aggleton, 2000; Kellendonk et al, 2006).
Deficits in delayed non-match-to-sample (DNMTS) have been viewed as a proxy for the
negative and cognitive deficits in SCZ in mice (Kellendonk et al, 2006; Morice, 1990). The
DNMTS and DMTS parts of the experiment included 16 and 10 mice, respectively. Data were
analyzed with unpaired two-tailed t-tests comparing GLS1 hets with their WT littermates. In
the first part of the experiment, which required acquisition of the non-match-to-sample rule,
we found no genotypic difference in the number of days required to reach criterion (Figure
2e1; p > 0.5). With the cognitive set shift to the match-to-sample rule (Figure 2e2), there was
no genotypic difference in the time required for mice to switch response strategies (p > 0.5).

Fixed-interval training and interval timing—The interval-timing (IT) task relies on an
operant lever-pressing paradigm, and provides a measure of both appetitive motivation and the
ability to time reward. To assess motivation, we measured the response rates and latencies to
respond across training sessions with an increasing FI. The experiment included 16 mice. Data
were analyzed with repeated-measures ANOVA, with genotype as the between-subject factor
and testing session as the within-subject factor. Both GLS1 hets and their WT littermates
displayed an increase in response rates as the FI increased across sessions (Figure 2f1, top:
main effect of session, F(7,98) = 6.27, p < 0.0001); no genotypic differences were observed
(main effect of genotype F(1,14) < 1, NS, genotype × session interaction F(7,98) < 1, NS).
Similarly, both genotypes showed decreased latencies to respond across sessions (Figure 2f1,
bottom; main effect of session, F(7,98) = 2.29, p < 0.05); no genotypic differences were
observed (main effect of genotype F(1,14) < 1, NS, genotype × session interaction F(7,98) =
1.07, p > 0.1). GLS1 het mice, therefore, show no deficit in their anticipatory motivation to
work for rewards nor do they show a deficit in how they react to a reward once presented.

To assess temporal information processing, we measured performance on PI trials. Accurate
performance on an interval timing task tests a range of important cognitive processes,
characteristically impaired in SCZ (Elvevag et al, 2004; Elvevag et al, 2003). To characterize
the relative timing abilities, we examined the distributions of lever-press responses during the
peak trials. In these trials, the response rate is expected to increase as the expected time of
reward (ie, 16 s) approaches, and then to decline after the expected time of reward passes
(Figure 2f2, inset). As timed responding of this sort usually develops gradually with training,
we plotted the number of responses per second during peak trials, averaging across all peak
trials in the last five sessions of training (sessions 7–11), which is the period in which control
mice exhibit asymptotic performance in terms of both response rate and timing precision. The
experiment included 15 mice. Data were analyzed with a repeated-measure ANOVA, with
genotype as the between-subject factor and time as the within-subject factor. The shapes and
peak heights of GLS1 het and WT response rate curves were indistinguishable (Figure 2f2),
indicating that the ability of GLS1 hets to time reward was intact (main effect of time F(63,
819) = 90.86, p < 0.0001, no main effect of genotype F(1,13) < 1, NS, no genotype × time
interaction F(63, 819) = 1.11, p < 0.1). Thus, temporal processing seems to be normal in GLS1
hets.

We performed a post hoc power analysis and found that with the exception of light–dark
emergence and the DNMTS, experiments were sufficiently powered to detect even small
differences in behavior (Cohen, 1988).Viewed as a group, these behavioral assays indicate that
there are no baseline behavioral abnormalities in GLS1 hets.
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GLS1 hets Have a Hypofunctional Hippocampus
Baseline rCBV—To see whether GLS1 hets display SCZ-like HIPP hyperactivity (Schobel
et al, 2009), we used a CBV-based fMRI approach to generate rCBV maps. We measured mean
rCBV values in the FC, the HIPP, and the THAL. The experiment included 21 mice. Data were
analyzed with a multivariate repeated-measure analysis of variance, with genotype as the
between-subject factor and rCBV values from the different brain regions as the within-subject
factor. Representative images of rCBV in the HIPP and FC are depicted in Figure 3a and b,
respectively. We found that there was in GLS1 hets a focal reduction in HIPP rCBV (F(1,21)
= 7.4, p < 0.05), with no effect in the FC or THAL (Figure 3c1). A further analysis of HIPP
subregions (Figure 3c2) showed a predominant reduction in the CA1 (F(1,21) = 4.8, p < 0.05)
and SUB (F(1,21) = 5.90, p < 0.05) of GLS1 hets, with a near-significant reduction in the CA3
subfield (F(1,21) = 4.81, p = .056). Thus, GLS1 hets show a pattern of focal hypoactivity in
HIPP subregions, particularly in CA1 and SUB.

Hippocampal synaptic function—To determine whether the alterations in HIPP rCBV
were indicative of alterations in neuronal activity, we examined synaptic function in HIPP
slices. We first recorded sEPSCs as a measure of baseline glutamate transmission (Figure 4a).
The experiment included seven GLS1 het and five WT mice (12 slices and 14 cells from GLS1
hets, 10 slices and 14 cells from WT littermates). Representative traces of sEPSCs are shown
in Figure 4a1. Frequency and amplitude data were analyzed with two-tailed t-test, and
cumulative amplitude data were analyzed with the Kolmogorov–Smirnov two-sample test
comparing GLS1 hets with their WT littermates. Under GABAA blockade with gabazine
(SR95531; 10 µM), sEPSCs recorded from CA1 pyramidal neurons in GLS1 hets showed a
marked reduction in frequency compared with WT (p < 0.05, Figure 4a2), with no reduction
in sEPSC amplitude (p > 0.5, Figure 4a3), and no change in the cumulative amplitude
distribution (p > 0.5; data not shown). We did similar recordings in the anterior cingulate cortex;
the experiment included three GLS1 het and three WT mice. There were no genotypic
differences in sEPSC frequency, amplitude or cumulative amplitude distribution (n = 5 slices
and 9 cells from GLS1 hets, 6 slices and 10 cells from WT littermates; all p-values > 0.1; Figure
4b).

To measure the strength of glutamate transmission in a defined synaptic connection, we
assessed the input–output (I–O) relationship for fEPSPs evoked by Schaeffer collateral
stimulation and recording in CA1. The experiment included six GLS1 het and six WT mice (8
slices from GLS1 het and 7 slices from WT mice). The data were analyzed with a repeated-
measure ANOVA, with genotype as the between-subject factor and stimulus intensity as the
within-subject factor. We found a significant reduction in fEPSP slope in GLS1 hets compared
with WT over the full I–O curve (repeated-measure two-way ANOVA, genotype × stimulus
intensity interaction F(1,143) = 5.25, p < 0.001 and post hoc tests p–values < 0.05 at stimulus
intensities of 15, 25, 30 and 35 V; Figure 4c). Together the slice recording studies confirm a
reduction in glutamatergic synaptic transmission, and suggest that this reduction is HIPP-
specific.

Hippocampus-dependent behavior—To determine whether decreased glutamate
transmission and rCBV in the HIPP has behavioral consequences, we tested GLS1 hets on
HIPP-relevant tasks. We measured contextual fear conditioning, which requires HIPP-
mediated processing and retrieval of contextual information (Honey and Good, 1993; Jarrard,
1995; Kim and Fanselow, 1992), as well as cued fear conditioning, which strongly depends on
amygdala input (LeDoux et al, 1990). The experiment included 26 mice. The data from day 1
(acquisition) were analyzed with a repeated-measure ANOVA, with genotype as the between-
subject factor and CS-US pairing as the within-subject factor. We found that both GLS1 hets
and their WT littermates showed conditioned fear (main effect of CS-US pairing, F(2, 19) =
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24.9, p < 0.0001, Figure 5a1). Data from day 2 (tone test) were analyzed with a repeated-
measure ANOVA, with genotype as the between-subject factor and tone presentation as the
within-subject factor. During the tone test, mice of both genotypes froze significantly more
during the tone than during the pre-tone period (main effect of tone presentation, F(1,21) =
14.9, p < 0.005, no genotype × tone presentation interaction F(1,21) < 1, NS; Figure 5a2). Data
from day 3 (context test) were analyzed with a one-way ANOVA, with genotype as the main
factor. GLS1 hets froze significantly less during the context test period (main effect of
genotype, F(1,23) = 4.6, p < 0.05; Figure 5a3), indicating that HIPP-dependent encoding,
storage, and/or retrieval of contextual information was diminished in GLS1 hets.

As impaired context learning in the fear-conditioning task could be indicative of more general
memory deficits, we tested HIPP-dependent memory in the Morris Water Maze task. Visible
platform training is an index of reference memory, and the time to reach the platform is an
indirect measure of the animal’s motor function and motivation to engage in the task (Morris,
1984). The experiment included 15 mice. Time to reach the platform during visible-platform
training was similar between GLS1 hets and WT mice (t-test; p > 0.1; data not shown).
Performance in hidden-platform training and in the probe trials is an indication of spatial
learning and long-term memory. Data were analyzed with repeated-measure ANOVA, with
genotype as the between-subject factor and training day as the within-subject factor. Both
genotypes showed similar improvement over training days in the hidden-platform procedure
(Figure 5b1; training day main effect F(7,84) = 6.76, p < 0.01, no effect of genotype (F(1,12)
< 1, NS) and no genotype × training day interaction (F(7,84) < 1, NS). Data from each probe
trial were analyzed with repeated-measure ANOVAs, with genotype as the between-subject
factor and quadrant as the within-subject factor. Memory of platform location was intact in
WT and in GLS1 hets, as shown by the higher percent of time spent by mice of both genotypes
in the target quadrant (quadrant 1) compared with other quadrants on probe trial 1 (Figure 5b2;
main effect of quadrant F(3,39) = 10.43 p < 0.001, no effect of genotype F(1,13) = 1.28, p >
0.1, no quadrant × genotype interaction F(3,39) < 1, NS) and 7 days later, on probe trial 2
(Figure 5b3; main effect of quadrant F(3,33) = 10.75 p > 0.001, no effect of genotype F(1,11)
= 2.22, p > 0.1, no quadrant × genotype interaction F(3,33) < 1, NS).

Mnemonic function was tested further in the novel object recognition task. The experiment
included 21 mice. Data from the sample phase were analyzed with a two-way ANOVA, with
genotype and object as main factors. Mice of neither genotype showed preference for either of
the objects used (two-way ANOVA: no main effect of object F(1,19) < 1, NS, no main effect
of genotype F(1,19) < 1, NS, no genotype × object interaction F(1,19) = 1.98, p > 0.1, data not
shown). Data from the retention phase (Figure 5c) were analyzed with a two-way ANOVA,
with genotype and novelty as main factors. Both WT and GLS1 het mice spent significantly
longer exploring the novel object compared with the familiar object (main effect of novelty, F
(1,19) = 9.47, p < 0.01, no main effect of genotype F(1,19) < 1, NS, no novelty × genotype
interaction F(1,19) < 1, NS). Overall, contextual fear conditioning seemed to be the mnemonic
task most sensitive to physiological changes produced by the reduction in glutaminase activity.

GLS1 hets Display a Blunted Frontal Cortical Response to Ketamine
Guided by findings of exaggerated FC activation following the systemic administration of
ketamine in patients with SCZ (Breier et al, 1997; Holcomb et al, 2005) and animal models
(Duncan et al, 1999; Miyamoto et al, 2000), we assessed ketamine-induced activation of rCBV
in the FC and HIPP, using a ketamine dose (30 mg/kg) earlier tested in mouse imaging studies
(Duncan et al, 1999; Miyamoto et al, 2000). The experiment included 16 mice. Data were
analyzed with a repeated-measure ANOVA, with genotype as the between-subject factor and
scan number as the within-subject factor. Analysis of rCBV in the FC at baseline (pre) and
during the three post-ketamine scans (posts 1, 2, and 3) showed a significant main effect of
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genotype (F(1,12) = 6.51, p < 0.05) and a genotype × scan interaction (F(3,10) = 8.75, p <
0.005). Post hoc analysis showed lower rCBV in GLS1 hets specific to the FC during the post
2 and post 3 scans (all p–values < 0.05; Figure 6, upper panel). In the HIPP, ketamine increased
rCBV independent of genotype (main effect of scan, F(3,10) = 4.3, p < 0.05) (Figure 6, lower
panel). These data indicate that in GLS1 hets the FC of is less sensitive to the stimulant effects
of this drug, at the dose used.

GLS1 hets Show a Diminished Response to Amphetamine
The effects of amphetamine administration on locomotor activity and on striatal DA levels in
animals are commonly used to evaluate the relevance of manipulations in rodent models to the
positive symptoms of SCZ (Jentsch et al, 1998; Moore et al, 2006; Paterlini et al, 2005).
Moreover, amphetamine-induced locomotion and striatal DA efflux are blunted by blockade
of glutamate transmission at non-NMDA glutamate receptors (David et al, 2004; Moghaddam
and Bolinao, 1994). Guided by these studies, we measured changes in locomotor activity and
striatal DA efflux after systemic administration of amphetamine. The behavioral experiment
included 30 mice, randomly assigned to receive amphetamine (2.0 mg/kg, i.p.) or saline. Data
were analyzed with a repeated-measure two-way ANOVA, with genotype and drug as the
between-subject factors and time as the within-subject factor. There were no genotypic
differences in baseline locomotor activity, (repeated-measure two-way ANOVA on pre-
amphetamine data, all p-values > 0.1; Figure 7a), replicating our earlier findings depicted in
Figure 2a. After amphetamine administration, WT mice showed an increase in locomotion that
persisted for the duration of the test period (90 min). In contrast, GLS1 hets were insensitive
to the effects of amphetamine at this dose, and did not differ from saline-treated GLS1 hets or
saline-treated WT mice (main effect of genotype F(1,26) = 6.88, p < 0.05, main effect of drug
F(1,26) = 8.09, p < 0.01, genotype × drug interaction F(1,26) = 4.69, p < 0.05, time × drug
interaction F(8,19) = 4.58, p < 0.005). Post hoc tests on ambulatory distance values averaged
across the 90 min post-amphetamine period showed significant differences (p-values < 0.05)
between the WT-amphetamine group and each of the other three groups (WT-saline, GLS1
het-saline, and GLS1 het-amphetamine).

In a separate group of 12 mice per genotype, in vivo microdialysis was used to assess the
increase in DA efflux in the striatum after the same dose of amphetamine used in the behavioral
study (2.0 mg/kg, i.p.). The distribution of probe placements was contained within the anterior
medial and central caudate and the nucleus accumbens, and did not differ between genotypes
(Supplementary Information, Figure S2). As mice were tested in matched pairs (see Methods),
and the genotypes differed in the normality of distribution of the post-amphetamine data, the
Wilcoxon signed ranks test for related pairs was used to compare genotypes. Baseline recovery
of DA did not differ in GLS1 hets (Wilcoxon Z = 1.6, two-tailed p = 0.1; Figure 7b1); moreover,
across both genotypes, the maximum fold change in DA efflux did not correlate with baseline
DA levels (Spearman’s ρ < 0.1, p > 0.6). GLS 1 hets showed a significant reduction in the
amphetamine-induced increase in striatal DA efflux, expressed as the maximum fold change
(Wilcoxon Z = −2.0, two-tailed p < 0.05; Figure 7b2). Thus, GLS1 hets were less responsive
to amphetamine challenge.

GLS1 hets Display Clozapine-Like Potentiation of Latent Inhibition
As our studies show that GLS1 hets display reduced sensitivity to pro-psychotic drugs, we
asked whether the mice would show an antipsychotic-like profile in the latent-inhibition (LI)
test. Antipsychotic and pro-cognitive drugs enhance, or potentiate, LI when given on their own
(Moser et al, 2000; Weiner et al, 1997). Using a conditioned freezing paradigm that enables
the detection of antipsychotic drug-like LI potentiation (Yee et al, 2006), we looked specifically
at potentiated LI, asking whether GLS1 hets would be similar to clozapine-treated WT mice,
and furthermore whether administering clozapine to GLS1 hets would affect LI. To enable the
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detection of LI potentiation in clozapine-treated animals, the experimental parameters were set
so that there was no LI in WT animals. The experiment included 67 mice, randomly assigned
to receive clozapine (1.5 mg/kg, i.p.) or saline. Data from the tone test day were analyzed with
two separate three-way ANOVA, with genotype, drug, and pre-exposure as the between-
subject factors, and pre-tone freezing and freezing ratio as the dependent variables. We found
in the 3min before CS onset that freezing frequency was low (< 50% in all groups) and showed
no genotypic difference (no main effects or interaction, all p-values > 0.1, Figure 8a). Freezing
ratios represent freezing values post tone onset normalized to freezing values pre-tone for each
mouse. As expected, in WT mice there was no difference between pre-exposed (PE) and non-
preexposed (NPE) animals treated with saline (ie, no LI), whereas clozapine led to the
potentiation of LI as described earlier (Lipina et al, 2005). LI was present in both saline- and
clozapine-treated GLS1 hets (Figure 8b; main effect of pre-exposure F(1,59) = 17.1, p < 0.001,
pre-exposure × genotype interaction F(1,59) = 5.29, p < 0.05; no other main effects or
interactions, all p-values > 0.5). Post hoc LSD comparisons between PE and NPE groups in
each drug/genotype condition confirmed the emergence of LI in clozapine-treated WTs (p <
0.05), saline-treated GLS1 hets (p < 0.01), and clozapine-treated GLS1 hets (p < 0.01), but not
in saline-treated WT mice (p > 0.5). LSD comparisons between PE groups in the different
genotype/drug conditions showed a difference approaching significance between saline-treated
PE WT mice and clozapine-treated PE WT mice (p = .0718), between saline-treated preexposed
WT mice and saline-treated PE GLS1 hets (p = .0536) and a significant difference between
saline-treated PE WT mice and clozapine-treated PE GLS1 hets (p < 0.005). Thus, GLS1 hets
display clozapine-like potentiation of LI, and the effect is due to reduced suppression in the
PE groups.

DISCUSSION
We asked whether a heterozygous reduction in GLS1 in mice affecting the glutamate–
glutamine cycle would impact baseline behavioral function. Motivated by the considerable
evidence implicating abnormalities in glutamate transmission in the pathophysiology of SCZ
symptoms, we asked further whether GLS1 hets would manifest phenotypes seen in mouse
models of SCZ. We found that although GLS1 het mice displayed a subtle reduction in cortical
and HIPP glutamate, their baseline behavior was mostly normal. However, functional imaging
showed a reduction in HIPP rCBV, inverse to recent findings in clinical and prodromal SCZ
populations. GLS1 hets showed attenuated ketamine-induced frontal cortical activation,
blunted amphetamine-induced locomotor stimulation and DA release, and clozapine-like
potentiation of LI, all opposite in direction to the phenotypes seen in mouse models of SCZ,
and consistent with phenotypes associated with antipsychotic drug treatment. Taken together,
the imaging and behavioral data support the relevance of glutamatergic transmission to SCZ,
and in particular to the positive symptoms of this disorder. The data further suggest that
glutaminase inhibition may prove therapeutic in SCZ.

Constitutive Reduction in GLS1 Significantly Impacts Glutamate Function
Although there has been a consensus that the glutamate–glutamine cycle generates the majority
of neurotransmitter glutamate (Hertz, 2004), this has been questioned in recent synaptic studies
(Kam and Nicoll, 2007). Indeed, three glutamine-independent cycles for glutamate trafficking
involving tricarboxylic acid cycle intermediates have been identified (Maciejewski and
Rothman, 2008), as well as the expression of the glutamate reuptake transporter GLT1a in
neurons (Chen et al, 2004). Nonetheless, we found that GLS1 hets show reductions in glutamate
(the GLS1 product) and elevations in glutamine (the glutaminase substrate), and a global
reduction in glutamate–glutamine ratios, showing that haploinsufficiency in GLS1 yields a
neuro-chemical phenotype likely to impact glutamate neurotransmission. In brain slice
recordings, we found that although spontaneous activity was unaffected in anterior cingulate
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cortex, both spontaneous and evoked synaptic input was reduced in CA1, pointing to regional
heterogeneity in systems maintaining glutamate synaptic homeostasis. Consistent with this,
earlier studies have shown that inhibiting glial glutamine production with fluoroacetate
differentially affects synaptic transmission in HIPP subregions; 10-fold more fluoroacetate was
required to inhibit excitatory transmission in the dentate gyrus than in CA1 (Keyser and
Pellmar, 1997). Possibly, the HIPP regional specificity in GLS1 hets could be due to higher
levels of GLS1 expression (Lein et al, 2007; Najlerahim et al, 1990), and thus perhaps greater
dependence on glutamate recycling through glutaminase in CA1 compared with other brain
regions.

GLS1 hets Display Largely Normal Behavior
Abnormal glutamate transmission has been implicated not only in SCZ, but also in a range of
neuropsychiatric disorders including anxiety, depression, and drug addiction. We, therefore,
assumed that even a small reduction in brain glutamate levels would have significant behavioral
impact. We used a wide-ranging battery of behavioral tests to detect possible alterations in
baseline behavior, but found GLS1 hets were remarkably normal in every measure, except for
context-dependent fear conditioning.

Several hypotheses may account for the ordinariness of the mice: first, the behavioral normalcy
and the regional selectivity of the effects that we did observe, could be due to the selective
expression pattern of the GLS1 protein in regions that are involved in SCZ-related pathology,
in particular the CA1 and CA3 subregions of the HIPP (Lein et al, 2007; Najlerahim et al,
1990). Second, as GLS1 haploinsufficiency is present in GLS1 hets throughout development,
compensatory processes in non-glutamatergic neurotransmitter systems may have been
engendered, reducing the impact of the deficiency in adulthood; however, significant
alterations in other neurotransmitter systems would likely have been associated with a
behavioral phenotype. Third, it is possible that flawed glutaminase function (and glutamatergic
transmission) may be sufficient for flawless behavioral performance in most behavioral assays
—some tasks may be more vulnerable to a mild decrease in glutamate transmission than others.
In GLS1 hets, HIPP-dependent contextual learning in the fear conditioning paradigm was
selectively diminished. Interestingly, pharmacological interference with the actions of other
molecules that participate in the glutamate–glutamine cycle has been reported to produce HIPP-
specific behavioral abnormalities (Calas et al, 2008; Carney et al, 1991; Carney et al, 2002;
Gibbs et al, 1996). As GLS1 hets did not show general cognitive deficits, GLS1
haploinsufficiency seems to affect contextual learning selectively.

Hippocampal Specificity and Relevance to SCZ
Although GLS1 expression, glutaminase activity, and glutamate levels were reduced
throughout the brain of GLS1 hets, baseline rCBV was reduced selectively in two specific
subregions of the HIPP, the CA1 subfield and the SUB. Our recent clinical findings (Schobel
et al, 2009) showing increased CBV in the CA1 and SUB of SCZ patients and high-risk
individuals, are in accord with extensive evidence implicating HIPP dysfunction in SCZ, and
with a growing number of studies—imaging and post-mortem—that point to elevated baseline
HIPP activity in the disorder (Heckers, 2001; Malaspina et al, 2004; Medoff et al, 2001). The
present imaging and electrophysiological studies in GLS1 hets point to reduced HIPP activity
in the same subregions. Reduced HIPP activity is unlikely to result from histological defects,
as even in GLS1 null mice there were no such defects in the hippocampus (Masson et al,
2006), and in GLS1 hets we found no evident cell loss (Lee and Rayport, unpublished
observations). Rather, these observations suggest that the pathological processes that lead to
increased metabolic activity in the CA1 and SUB in SCZ may be absent in the same subregions
in GLS1 hets, and, by extension, that decreased presynaptic glutamate may afford protection
from these processes.
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In the present set of experiments, impaired contextual learning stands out as the only baseline
behavioral measure that was affected. The HIPP plays a central role in the processing and
retrieval of contextual information (Honey and Good, 1993; Jarrard, 1995; Kim and Fanselow,
1992). Computational models and empirical studies suggest that the CA3 subregion has a
unique neuronal architecture, which makes it especially suited for the processing of multimodal
information inherent to contextual learning, whereas the CA1 subregion plays an important
role in the consolidation of contextual information (Daumas et al, 2005; Nakazawa et al,
2002). The absence of deficits in the Morris Water Maze and Novel Object Recognition tests
could be due to the fact that these memory tasks require normal function of cortical and cortico-
hippocampal projections other than the Schaeffer collateral projection (Brown and Aggleton,
2001; Remondes and Schuman, 2004).

As we observed no deficits in the Morris Water Maze and Novel Object Recognition tests, we
hypothesize that the deficit in contextual fear conditioning in GLS1 hets produces a rather
specific deficit in the ability to acquire or attribute salience to contextual cues. Abnormal
processing of contextual information has been observed in SCZ (Boyer et al, 2007; Hemsley,
2005), as has inability to inhibit contextually irrelevant information (Titone et al, 2000).
Furthermore, misattribution of salience to neutral stimuli (such as contextual cues) has been
explicitly linked to delusional thinking (Holt et al, 2006; Jensen and Kapur 2009; Roiser et
al, 2009) and HIPP hyperactivity (Seiferth et al, 2008). These observations, taken together
with our findings in other models of SCZ-related symptoms, support the idea that the deficit
in context learning observed in GLS1 hets is not indicative of SCZ-like cognitive deficits, but
could in fact be regarded as a protective process. Further studies will be needed to address the
relationship between context learning and salience attribution in GLS1 hets.

Attenuated Response to Ketamine
An increase in cortical rCBV in response to the pro-psychotic drug, ketamine, was observed
in WT mice, but not in GLS1 hets. Studies in healthy humans and rodents show that acute
administration of NMDA receptor blockers increases activity in corticolimbic regions (Gozzi
et al, 2008; Littlewood et al, 2006). In patients with SCZ, the response to ketamine is
exaggerated specifically in cortical regions, and this correlates with the severity of psychotic
symptoms (Holcomb et al, 2005; Soyka et al, 2005; Tamminga et al, 2003). The hypo-
glutamatergic profile of GLS1 hets provides a likely explanation for their insensitivity to
ketamine: the pro-psychotic effects of ketamine in humans and animals are hypothesized to
result from hyperactivity of glutamatergic pyramidal neurons and abnormal glutamate release
in the cortex (Holcomb et al, 2005; Moghaddam et al, 1997; Olney et al, 1999). A recent rat
rCBV study showed that the hyper-metabolic effects of PCP are prevented by pre-
administration of agents that reduce glutamate release (Gozzi et al, 2008). Thus, GLS1 hets
may be protected from the effects of ketamine by their diminished ability to release excessive
amounts of glutamate. It should be kept in mind that although the dose of ketamine used in
this study (30 mg/kg) was based on the earlier behavioral and ex vivo imaging studies, there
may have been anesthesia-related effects.

Attenuated Response to Amphetamine
Amphetamine induces in patients with SCZ an exacerbation in psychotic symptoms, and an
exaggerated increase in synaptic DA release in the striatum (Laruelle et al, 1996; Martinez et
al, 2003). Similarly, increases in amphetamine-evoked motor activity and striatal DA efflux
are seen in several rodent models that mimic pathological processes in SCZ (Jentsch et al,
1998 ; Moore et al, 2006; Paterlini et al, 2005). DA-glutamate interactions are complex (David
et al, 2004; Javitt, 2007). Under conditions of NMDA receptor blockade, locomotion can be
uncoupled from DA transmission (Nilsson et al, 2001), as exemplified by findings of enhanced
amphetamine-induced striatal DA efflux and locomotion after repeated administration of the
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NMDA antagonist phencyclidine (Javitt, 2007; Jentsch et al, 2003). However, a number of
studies have shown that both acute amphetamine-induced locomotion and striatal DA efflux
are reduced by non-NMDA glutamate receptor antagonists (David et al, 2004; Moghaddam
and Bolinao, 1994), and that manipulations that enhance extracellular glutamate levels induce
an increase in DA transmission (Karlsson et al, 2008). One possible explanation for this
dissociation is that selective NMDA receptor blockade produces an increase in cortical
glutamate efflux (Moghaddam and Adams, 1998), which leads to an enhanced dopaminergic
response. This is further supported by the demonstrated antipsychotic efficacy (Patil et al,
2007) in a phase 2 clinical trial of a meta-botropic glutamate receptor 2/3 agonist, which acts
through presynaptic suppression of cortical glutamate release.

In GLS1 hets, amphetamine-induced hyperlocomotion and amphetamine-evoked DA release
were significantly reduced. The finding of a decreased response of the mesostriatal DA system
to amphetamine in GLS1 hets is especially intriguing when considered in the context of HIPP
hypofunction. The HIPP normally provides a novelty signal to DA neurons (Lisman and Grace,
2005). Hippo-campal hyperactivity in the MAM E17 rat, a well-validated animal model of
SCZ (Grace et al, 2007; Lodge and Grace, 2007; Moore et al, 2006), enhances DA neuron
activity, presumably by increasing the numbers of DA neurons that may be activated by other
salience signals (Grace et al, 2007). Conversely, a hypoactive HIPP in GLS1 hets may reduce
the numbers of DA neurons that would be activated by salience signals, and possibly protect
against the stimulatory effects of amphetamine on excessive DA neuron output.

Although the 2 mg/kg amphetamine dose did not stimulate locomotion in GLS1 hets, it did
evoke DA release. This apparent discrepancy could be due to non-dopaminergic mechanisms,
which may participate in eliciting the behavioral response to amphetamine (Paterlini et al,
2005; Rorick-Kehn et al, 2007), or from differential contributions of pre- and post-synaptic
components of the DA system to changes in striatal DA concentration as measured with
microdialysis and abnormal motor activity (Matsuzaki and Tohyama, 2007). In any case, these
results indicate that a reduction in glutaminase results in dopaminergic system that is less
responsive to amphetamine, possibly due to a limit on glutamate transmission at AMPA or
kainate glutamate receptors. Taken together with the reduced hemodynamic response to
ketamine, the reduced responsiveness of the DA system to amphetamine in GLS1 hets supports
the hypothesis that limiting glutaminase activity confers resilience to pro-psychotic challenges.

Glutaminase Deficiency and the Glutamate Theory of SCZ: Treatment Implications
LI is one of the best documented cross-species manifestations of attentional selectivity in
associative learning (Weiner, 2003), and is shown when animals that receive repeated non-
reinforced pre-exposure to the to-be-conditioned CS exhibit poorer conditioning than non-pre-
exposed animals. The disruption of LI in humans and rodents after pharmacological, genetic,
or neurodevelopmental manipulations is considered to model the inability of patients with SCZ
to ignore irrelevant stimuli. Conversely, antipsychotic and pro-cognitive drugs enhance, or
potentiate, LI when given on their own (Moser et al, 2000; Weiner et al, 1997). In this study,
we found potentiated LI in clozapine-treated WT mice and in saline- or clozapine-treated GLS1
hets. The potentiation of LI is a widely documented consequence of typical, atypical and novel
antipsychotic drug treatments, and is commonly used as a screening test for compounds that
are potentially therapeutic in SCZ (Black et al, 2009; Dunn et al, 1993; Weiner et al, 1997).
Importantly, treatments that reduce glutamate signaling at the NMDA receptor, such as the
NMDA receptor blocker MK801, potentiate LI. However, an important aspect of the latter
effect is its reversibility by clozapine and other atypical and putative antipsychotic drugs; thus,
MK-801-treated animals pre-treated with clozapine displayed normally absent LI (Gaisler-
Salomon and Weiner, 2003; Lipina et al, 2005). Here, clozapine had the same effect on WT
animals as on GLS1 hets. This implies that glutaminase deficiency does not mimic NMDA
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receptor blockade in the LI model, but rather the actions of clozapine and other antipsychotic
drugs.

In agreement with the potentiated LI phenotype, the attenuated response to amphetamine and
ketamine observed in GLS1 hets is indicative of an antipsychotic drug-like profile (Gozzi et
al, 2008; Ichikawa and Meltzer, 1992). Although variations in the GLS1 gene were not found
to be associated with SCZ (Maeshima et al, 2007; Zhang et al, 2005), post-mortem studies
show increased GLS1 expression (Bruneau et al, 2005) and activity (Gluck et al, 2002) in SCZ,
and antipsychotic drugs have been reported to inhibit glutaminase (Sherman et al, 1988). Taken
together with our observations, these findings argue for glutaminase inhibition as a potential
treatment in SCZ. It should be noted that the studies described here cannot address the question
of whether more subtle or more substantial reductions in glutaminase activity would lead to
similar phenotypes; future studies, perhaps with pharmacological compounds that reduce
glutaminase activity, will hopefully be able to provide a dose-response curve.

As GLS1 hets are haploinsufficient throughout their development, we cannot rule out the
possibility that the phenotypes observed are due to compensatory effects downstream of the
glutamate–glutamine cycle. However, although secondary effects are important and occur after
any genetic or pharmacological manipulation, it is important to note that GLS1 expression and
glutaminase activity levels were significantly reduced in adult GLS1 hets, and that several of
the phenotypes we observed have been reported earlier in animals with pharmacologically
induced reductions in presynaptic glutamatergic transmission. For example, mice treated with
agents that reduce glutamate release show reduced cortical activation in response to NMDA
receptor blockade (Gozzi et al, 2008) and reduced amphetamine-induced locomotor activity
(Arban et al, 2005). Thus, reductions in glutaminase activity and in glutamate transmission
provide likely mechanisms for the observed phenotypes in GLS1 hets.

In sum, our findings of HIPP hypoactivity, insensitivity to pro-psychotic agents and an
antipsychotic-like profile in the LI test, indicate that GLS1 haploinsufficiency does not result
in SCZ-like phenotypes in mice, but rather in a profile that could be described as SCZ-resilient,
one that may be of particular relevance for the pharmacotherapy of positive symptoms.
Although it has been shown earlier that a restricted genetic manipulation of glycine transporter
1 in forebrain neurons could produce a mouse with a SCZ-resilient profile (Yee et al, 2006),
here we have shown that a wide-spread genetic manipulation has a relatively HIPP-selective
effect that is associated with SCZ resilience, making glutaminase a promising
pharmacotherapeutic target. The fact that both glutaminase activity and glutamate levels are
reduced in adulthood suggests that a reduction in glutaminase, and the ensuing decrease in
glutamate levels, are plausible explanations for the phenotypes observed in GLS1 hets, and
argues against the possibility that these effects are due to neurodevelopmental alterations
unrelated to GLS1 or to glutamate neurotransmission. These results inform and clarify a
broader mechanistic interpretation of SCZ, identifying a constellation of key features of SCZ
pathology, namely HIPP hyperfunction, aberrant cortical activity, and abnormalities in DA
neurotransmission, and argue for further investigation of glutaminase as a novel therapeutic
target for the treatment of SCZ.
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Figure 1.
Reduced glutaminase activity and glutamate levels in GLS1 hets. (a) Glutaminase activity was
assessed in the FC, HIPP, and THAL of GLS1 hets and WT littermates. Activity was
significantly reduced in GLS1 hets in all regions. WT > GLS1 hets **p < 0.0001. (b) Glutamate
levels in the FC, HIPP, and THAL of GLS1 hets and WT littermates were assessed using ex-
vivo HR-MAS 1H MRS. (b1) Glutamate (nmol/mg of wet tissue) was reduced in the FC and
HIPP of GLS1 hets. WT > GLS1 hets, *p < 0.05, **p < 0.005. (b2) Glutamate–glutamine ratios
were reduced in the FC, HIPP, and THAL of GLS1 hets. WT > GLS1 hets, *p < 0.05. (c)
Glutamate was measured in tissue sections by immunocytochemistry with the glutamate-
specific antibody Glu2. (c1) Representative micrographs from FC, HIPP, and THAL sections
in WT (top) and GLS1 hets (bottom) are shown in pseudocolor with warmer colors reflecting
higher glutamate levels. (c2) Ratio of GLS1 het/WT immunofluorescence, quantified from 40
× micrographs. Ratios were reduced in the FC and HIPP. Ratio GLS1 hets/WT < 1, *p < 0.05,
**p < 0.005. In all figures, n’s are given in parentheses (in c2, n’s are GLS1 het/WT), and error
bars indicate standard errors.
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Figure 2.
Normal behavioral repertoire of GLS1 hets across a range of tests. (a) When placed in the open
field, GLS1 hets and WT littermates showed similar levels of locomotor activity and
habituation over 30 min. (b) Both genotypes showed similar latency to fall from an accelerating
rotarod, with a parallel improvement in performance over six learning sessions. (c) In the light–
dark emergence test, there were no genotypic differences in the time spent in the light (□) vs
dark (■) compartments of the open field over the 5-min test period. (d) Startle responses showed
no genotypic differences. When the startle pulse (120 dB) was preceded by prepulses of
increasing intensity (72, 76, 78 dB), GLS1 hets and their WT littermates showed similar
prepulse inhibition (PPI). (e) Performance in the Y-maze task was unaffected. Both genotypes
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required the same number of days needed to reach criterion during the delayed non-match-to-
sample (DNMTS) phase (e1) and the delayed match-to-sample (DMTS) phase (e2) of a Y-
maze task. (f) Performance in an operant interval timing task showed no genotypic motivation
differences. During training, the response rate (f1, top) and latency to first lever press (f1,
bottom) were identical across sessions of increasing FI duration. There were no genotypic
differences in timing accuracy (f2). As shown in the inset, on fixed interval trials (FI trials,
top), mice were rewarded for bar pressing after 16 s, whereas on Peak trials (bottom), the
accuracy of timing the 16 s interval was assessed during a 64-s non-reinforced epoch. For both
GLS1 hets and WT littermates, the likelihood of responding peaked around the expected time
of reward (ie, 16 s), then declined.
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Figure 3.
Relative cerebral blood volume (rCBV) is selectively reduced in the HIPP of GLS1 hets. (a)
Structural MRI slice through the HIPP and THAL in the horizontal plane (a1) showing the
regions imaged. (a2) higher-resolution structural image of HIPP subregions corresponding with
rCBV maps of the HIPP (a3) in WT (left) and GLS1 hets mice (right). There were focal
reductions in activity in GLS1 hets (warmer colors reflect higher rCBV). (b) Structural MRI
slice through the FC (b1) to show regions imaged. In a higher resolution image of FC and
adjacent regions (b2). rCBV maps (b3) in WT mice (left) and GLS1-hets (right) showed no
differences. (c) Summary data showed that GLS1 hets have reduced rCBV in the HIPP, but
not in the FC or THAL. WT > GLS1 hets, *p < 0.05 (c1). In the HIPP, rCBV was significantly
reduced in the SUB and CA1 (c2). WT > GLS1 hets, *p < 0.05. In all figures, n’s per group
are given in parentheses, and error bars indicate standard errors. Anatomical abbreviations:
HIPP-hippocampus, FC-frontal cortex, THAL-thalamus, CA1-CA1 subfield of HIPP, CA3-
CA3 subfield, DG-dentate gyrus, EC-entorhinal cortex, SUB-subiculum, IL-infralimbic
cortex, PrL-prelimbic cortex, OFC-orbitofrontal cortex, LS-lateral septum, CPu-caudate-
putamen, S1-sensory area 1.
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Figure 4.
GLS1 hets show HIPP-selective reductions in excitatory synaptic transmission. (a) sEPSCs in
the CA1 of GLS1 hets and WT littermates. Representative traces of sEPCS (a1) recorded from
WT (left) and GLS1 hets (right) are shown. The frequency (a2) but not average amplitude (a3)
of sEPSCs was reduced in GLS1 hets compared with WT. WT > GLS1 hets, *p < 0.05. Data
were collected from 12 WT slices obtained from seven mice and 10 GLS1 het slices from five
mice; numbers in parentheses indicate numbers of cells recorded. (b) sEPSCs in the anterior
cingulate cortex of GLS1 hets and WT littermates. Representative traces of sEPSCs (b1)
recorded from WT (left) and GLS1 hets (right). There were no differences in frequency (b2)
or amplitude (b3). Data were collected from six slices obtained from three WT mice and six
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slices from three GLS1 het mice. (c) The input–output curve of fEPSP slope (V/sec) vs stimulus
intensity at Schaeffer collateral–CA1 synapses in HIPP slices showed decreased synaptic
strength in GLS1 hets. WT > GLS1 hets, *p < 0.05. Data were collected from six WT and six
GLS1 het mice; numbers in parentheses indicate numbers of slices recorded. The curves drawn
were generated using a fourth order polynomial curve fit.
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Figure 5.
GLS1 hets show reduced contextual fear conditioning, but are not impaired in other memory
tasks. (a) During fear conditioning on day 1, both GLS1 hets and WT littermates showed
increased freezing with repeated CS-US pairings (a1) On day 2, both genotypes froze
significantly more during the tone period than during the pre-tone period (a2) However, on
day 3, GLS1 hets froze significantly less in the context test. *WT > GLS1 hets, p < 0.05. (b)
In the Morris Water Maze task during hidden platform (PF) training, both genotypes displayed
improved performance (ie, decreased latencies) over successive training days (b1). On day 8,
immediately after the last session of hidden PF training (b2), and on day 15, 1 week post-hidden
PF training (b3), both genotypes spent significantly more time in the target quadrant (1). (c)
In the Object Recognition Test, both GLS1 hets and WT littermates spent more time exploring
the novel object than the familiar one; there were no genotypic differences.
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Figure 6.
Reduced cortical rCBV response after ketamine in GLS1 hets. rCBV in the FC (upper) and
HIPP (lower) of GLS1 het and WT mice before (pre) and during three scans after 30 mg/kg
ketamine (arrow) administration (post 1, post 2 and post 3). rCBV was reduced in GLS1 hets
during scans post 2 and post 3. WT > GLS1 hets, *p < 0.05. The FC of GLS1 hets was not
responsive to the stimulating effects of ketamine, which increased rCBV in the FC of WT mice.
In the HIPP, both GLS1 hets and WTs showed enhanced rCBV during scans post 1 and post
2 after ketamine administration *p < 0.05.
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Figure 7.
Attenuated behavioral and neurochemical response to amphetamine in GLS1 hets. (a)
Ambulatory distance was measured before and after i.p. injection of amphetamine (Amph; 2
mg/kg) or saline (arrow). There were no baseline genotypic differences in activity. After
amphetamine administration, WT mice showed a robust increase in activity, whereas GLS1
hets, as well as saline-treated mice of both genotypes, showed no increase in activity. *WT-
Amph > GLS1 het-Amph, GLS1 het-saline, WT-saline, p < 0.05. (b) Microdialysis
measurement of baseline DA recovery showed no genotypic differences (b1). Following
systemic amphetamine (2 mg/kg), the maximum amphetamine-induced increase in DA efflux
in GLS1 hets was reduced relative to their WT littermates. WT-Amph > GLS1-Amph, *p <
0.05 (b2).
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Figure 8.
GLS1 hets display clozapine-like potentiation of latent inhibition. (a) Mean percent freezing
of pre-exposed (PE) and non-pre-exposed (NPE) saline- and clozapine-treated WT and GLS1
het mice during the pre-tone period on the test day. Similar low freezing levels were observed
in all groups. (b) Freezing ratios during the tone test. Latent inhibition, that is, a lower
suppression ratio in PE as compared with NPE mice, was observed in clozapine-treated WT
mice and in saline- and clozapine-treated GLS1 hets, but not in saline-treated WT mice. NPE
> PE, *p < 0.05, **p < 0.01.
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