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A B S T R A C T

Glutaminase mediates the recycling of neurotransmitter glutamate, supporting most excitatory neurotransmis-
sion in the mammalian central nervous system. A constitutive heterozygous reduction in GLS1 engenders in mice
a model of schizophrenia resilience and associated increases in Gln, reductions in Glu and activity-dependent
attenuation of excitatory synaptic transmission. Hippocampal brain slices from GLS1 heterozygous mice meta-
bolize less Gln to Glu. Whether glutaminase activity is diminished in the intact brain in GLS1 heterozygous mice
has not been assessed, nor the regional impact. Moreover, it is not known whether pharmacological inhibition
would mimic the genetic reduction. We addressed this using magnetic resonance spectroscopy to assess amino
acid content and 13C-acetate loading to assess glutaminase activity, in multiple brain regions. Glutaminase ac-
tivity was reduced significantly in the hippocampus of GLS1 heterozygous mice, while acute treatment with the
putative glutaminase inhibitor ebselen did not impact glutaminase activity, but did significantly increase GABA.
This approach identifies a molecular imaging strategy for testing target engagement by comparing genetic and
pharmacological inhibition, across brain regions.

1. Introduction

Glutaminase (GLS) mediates the conversion of glutamine (Gln) to
glutamate (Glu), supporting most excitatory neurotransmission in the
mammalian central nervous system (CNS) (Hertz, 2004; Marx et al.,
2015; Sibson et al., 1997). There are two genes encoding GLS, also
called phosphate-activated glutaminase. Gls1 codes for the brain-kidney
isoform, and Gls2 for the liver isoform. GLS has a crucial role in brain
function, as mice lacking Gls1 manifest behavioral and respiratory
problems, and die within the first day of life (Masson et al., 2006);
similarly, human infants with loss of GLS function manifest en-
cephalopathy, status epilepticus, and early demise (Rumping et al.,
2018). In contrast, Gls1 heterozygous (GLS1 Het) mice are

phenotypically quite normal, with subtle phenotypes associated with
schizophrenia resilience, including diminished sensitivity to propsy-
chotic challenge (Gaisler-Salomon et al., 2009a). Resilience models
point to potential novel therapeutic targets for the pharmacotherapy of
psychiatric disorders, such as schizophrenia (Mihali et al., 2012).

In GLS1 Hets, Glu content in brain tissue is reduced by about 15%
and GLS activity 50%, (Gaisler-Salomon et al., 2009a). However, the
reduced activity mainly reflects reduction in GLS protein, and not the
actual activity of GLS in the brain, which is subject to multiple modes of
regulation (Curthoys and Watford, 1995). Metabolic flux through GLS
in ex vivo brain slices is reduced by about 20% in GLS1 Hets, measured
with 13C-Gln and MRS (El Hage et al., 2012). Whether GLS function is
diminished in the intact brain of GLS1 Het mice, and whether there are
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regional differences has not been determined. Furthermore, it is not
known whether the pharmacological inhibition of GLS would mimic the
genetic reduction.

While there are several recognized GLS inhibitors (e.g., DON,
BPTES, C968, CB-839), they have millimolar to micromolar-range Ki's
or do not permeate the blood brain barrier. In contrast, ebselen, which
was developed as a glutathione peroxidase (GPx) mimic, permeates the
blood brain barrier (Azad et al., 2014; Sies, 1993), and was recently
reported to be a potent allosteric GLS inhibitor with a low-nanomolar Ki

(Thomas et al., 2013), and a two-fold greater activity against GLS than
other most potent reported activities (Thomas et al., 2013). As in the
GLS1 Het mice and adult-induced GLS1 Het mice (Mingote et al., 2016),
ebselen attenuates amphetamine-induced hyperlocomotion (Singh
et al., 2013). Ebselen treatment phenocopies the schizophrenia resi-
lience phenotype of GLS1 Het mice with both antipsychotic and pro-
cognitive effects, seen in attenuation of amphetamine sensitization and
enhanced social recognition, respectively (Heffetz-Giterman et al.,
2018). In a recent MRS study in humans, ebselen reduced cortical Glu
and Gln levels (4–6%), measured by 1H MRS at 7T (Masaki et al., 2016),
pointing to GLS-based action. Ebselen has also been shown to rescue
prepulse inhibition (PPI) deficits in the neonatal ventral hippocampal
lesion rodent schizophrenia model (Cabungcal et al., 2014).

Given the multiple mechanisms of action of ebselen, relating its
potential therapeutic effects to a particular mechanism of action in vivo
is challenging, in particular its probable action as a GLS inhibitor.
Indeed, a more recent study by Zhu et al. (2017) showed that ebselen is
only a micromolar GLS inhibitor (10% inhibition at 10 μM), and in-
stead a potent glutamate dehydrogenase (GDH) inhibitor (Ki, 300 nM).
The apparent nanomolar GLS inhibition was likely due to inhibition of
the downstream enzymes used in the assay. Higher doses of ebselen (10
mg/kg), leading to a body concentration of 50 μM, which we test in this
study, might nonetheless inhibit GLS to some extent.

To compare the impact of the genetic heterozygous reduction in
Gls1 to putative pharmacological inhibition with ebselen, we used 1H-
[13C] MRS to measure regional Gln, Glu and associated metabolites, and
the flux from Gln to Glu following [2–13C]acetate infusion, in the intact
brain. Acetate labeled with 13C is taken up exclusively by astrocytes
and metabolized in the tricarboxylic acid cycle, labeling Gln (Patel
et al., 2010). Gln is released from astrocytes to neurons where it is
catalyzed by GLS to Glu. Kinetic analysis shows that the ratio of 13C-Glu
to 13C-Gln at 15 min of infusion reflects GLS activity. We also measured
GABA because of its dependence on Glu as a precursor. We found that
GLS activity is modestly reduced in GLS1 Hets, principally in hippo-
campus, while ebselen had no effect.

2. Materials and methods

2.1. Animals

Mice were handled in accordance with the guidelines of the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals, under protocols approved by the Institutional Animal Care
and Use Committees of New York State Psychiatric Institute and Yale
University. All efforts were made to minimize animal suffering ac-
cording to the Animal Welfare Act (7 USC 2131).

GLS1 Het mice were originally developed as stopGLS1 mice with a
transcriptional block of Gls1 expression (Masson et al., 2006). The same
upstream region of exon 1 was floxed and deleted to produce deltaGLS1
mice (Mingote et al., 2016), which were used in this study. Eighteen
animals ages 73–89 days were tested, with a total of 10 males and 8
females, subdivided in WT (n = 6, 2 males and 4 females), GLS1 Het
(n = 7, 5 males and 2 females) and ebselen-treated WT (n = 5, 3 males
and 2 females) cohorts, weighing 21 ± 2, 23 ± 3 and 23 ± 2 g, re-
spectively.

GLS1 Het mice were bred with WT mice to generate GLS1 Het and
WT littermate controls at NYSPI, under IACUC protocol 1428. Mice

were 50:50 C57BL/6J:129J background. Mice were transferred to Yale,
and experiments conducted under IACUC protocol 2015–11495. Mice
were prepared 7 days before infusion with jugular vein catheters in-
serted under isoflurane anesthesia (2–3%; 28% O2/70% N2O).
Meloxicam (0.03–0.05 mg/kg, s.c., daily for 3 days post-surgery) was
administered for analgesia. Ebselen 10 mg/kg (Hello Bio, Princeton,
NJ, USA) was administered by intraperitoneal injection (Singh et al.,
2013) 30 min prior to 13C-acetate infusion. Higher doses of ebselen
(30 mg/kg) were avoided due to detrimental effects on nerve conduc-
tion in rats (Ozyigit et al., 2015).

2.2. 13C-acetate infusion and Focused-Beam Microwave Irradiation

On the day of the study, the jugular vein catheter was quickly freed
from the subcutaneous pouch under brief isoflurane anesthesia. Mice
were allowed to recover for at least 30 min, once awake and behaving
freely, they then received timed infusions of [2–13C]-acetate (in water,
2 mol/L, pH 7; 15 min), with an initial 15 s bolus followed by step-
down infusion (in μmol/min/g body weight: 0–15 s, 4.68; 15 s to 4
min, 0.648; 4 min–15 min, 0.375) based on previous kinetic analyses
of acetate transport and metabolic rates (Patel et al., 2010). After the
infusion, mice were quickly sedated (< 30 s) with isoflurane and eu-
thanized by Focused-Beam Microwave Irradiation (FBMI; 0.62 s, 4.5
kW, Model TMW-4012C-10 kW, Muromachi Kikai Co., Ltd., Tokyo,
Japan), which halts cerebral metabolism by rapid heat-inactivation of
enzymes (de Graaf et al., 2009). The brain was rapidly removed, the
regions of interest dissected (prefrontal cortex PFC; hippocampus HIP;
thalamus THA; striatum STR and cerebellum CB), frozen in liquid N2

and stored at −80 °C. Heart blood was sampled postmortem for mea-
surement of infused acetate concentration and 13C-enrichment.

2.3. Brain tissue extraction

Frozen brain tissue was homogenized using a bead mill homo-
genizer (1.4 mm ceramic beads; Omni Bead Ruptor 24, Omni
International, Kennesaw, GA) with methanol in 0.1 M HCl (2:1 vol/
wt), followed by 90% ethanol in 0.1 M phosphate buffer (pH 7; 6:1
vol/wt) and ultrapure water (8:1 vol/wt), with homogenization in
between. [2–13C]-Glycine was added at the first step as an internal
concentration reference. After centrifugation, the supernatant was
saved, and the pellet re-homogenized in 60% ethanol. Following cen-
trifugation, the supernatants were combined and eluted through a
Chelex-100 resin-packed column. Eluted samples were titrated to pH 7
with NaOH, lyophilized and resuspended in 500 μl of a solution con-
taining 3-trimethylsilyl-[2,2,3,3-D4]-propionate (TSP, 0.25 mM), 50
mM PO4

−3 (pH 7) and 80% D2O/20% H2O v/v. for MRS analysis at
11.7 T using 1H-[13C]-NMR. All solutions were prepared using Type 1
ultrapure water (Milli-Q Integral 10, Millipore Sigma, Burlington, MA
USA).

2.4. Magnetic resonance spectroscopy

Fully relaxed 1H-[13C] MRS spectra were acquired as two subspectra
at 11.7 T (1H resonance frequency of 500.13 MHz) using a Bruker
AVANCE spectrometer (Bruker Instruments, Billerica, MA, USA) – one
involving broadband 13C inversion pulses applied in alternate scan
blocks, while 13C-decoupling was applied in both. Subtraction of the
scans obtained with 13C inversion (12C-13C) from those without inver-
sion (12C+13C) resulted in a difference spectrum containing only 13C
coupled 1H resonances at twice the true intensity (2 × 13C).

Quantification of amino acids in the 1H-[13C]NMR spectra of brain
extracts was performed by integration of the specified proton re-
sonances (e.g., glutamate H4, GABA H2, etc.) over a fixed chemical shift
range free of overlap and corrected for finite bandwidth by dividing by
the integral fraction determined previously for the pure compounds.
13C per cent enrichment was calculated as the ratio, [13C/(12C+13C)]
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× 100, followed by subtraction of 1.1% to remove 13C arising from
natural abundance. Absolute concentrations of metabolites in brain
extracts were determined from the total (12C + 13C) spectrum relative
to the [2–13C]-glycine standard in the difference spectrum. The isotopic
13C enrichments of glutamate (Glu)-C4, GABA-C2, and glutamine (Gln)-
C4 were calculated from the ratio of the areas of these resonances in the
1H-[13C]-NMR difference spectrum (2 × 13C only) and the non-edited
spectrum (12C+13C). The isotopic 13C enrichment of acetate-C2 (1.9
ppm) in blood plasma was calculated by dividing the areas of the 13C
satellites with the total area (12C+13C) of their respective resonances
(Chowdhury et al., 2007).

2.5. Statistical analyses

Statistical significance was determined using the Kruskal-Wallis test
for overall treatment effects and Mann-Whitney U test with Bonferroni
correction for multiple comparisons to analyze significant interactions,
using IBM SPSS Statistics 25.0 (IBM, Armonk, NY). Each region was
analyzed individually, without assuming a consistent SD. Effects were
considered significant for p-values ≤ 0.05. Some samples were lost
during processing, resulting in a slightly smaller sample size of n = 4
for WT and n = 4 for ebselen-treated cohort in hippocampus. All data
were expressed as mean ± SEM; the SD's are given in supplemental
tables. Outlier analysis was performed with an absolute deviation from
the median (MAD) criterion defined as M−3⁎MAD < xi < M
+3⁎MAD (Leys et al., 2013), resulting in the exclusion of 11 outlier
data points over all measurements. For the comparison of effect sizes to
the previous in vitro MRS study (El Hage et al., 2012), we used Cohen's
d, since El Hage et al., 2012 did a parametric analysis.

3. Results

3.1. Blood-plasma 13C acetate enrichment

To avoid anesthesia effects on cerebral metabolic rates and examine
the regional impact of GLS reduction or inhibition in mouse brain, we

used ex vivo MRS. Three groups of mice were studied: wildtype, GLS1
Het and ebselen-treated. 13C-acetate was infused intravenously for 15
min in awake, freely behaving mice, and then metabolism rapidly ar-
rested by FBMI. The 13C enrichment of blood plasma acetate-C2 did not
differ between groups: control (81.78 ± 7.08%, n = 6), GLS1 HET
(77.35 ± 6.55%, n = 7) and ebselen-treated (85.08 ± 6.56%, n = 5)
mice (p = 0.14).

3.2. Amino acid content

We measured total amino acid content of both 13C-labeled and
unlabeled isotopomers from the 1H-[13C] MRS spectra. Fig. 1 shows
representative sample spectra for PFC, the first anatomical region
sampled. Summary data are shown in Fig. 2 and the full data set in
Supplemental Table for Fig. 2. GLS1 Hets showed no significant dif-
ferences, although slightly lower levels of Glu were seen in CB and STR
and GABA in CB and THA; slightly higher levels of Glu were seen in
PFC, and Gln in HIP and PFC. Ebselen-treated mice showed no sig-
nificant differences, although slightly higher levels of Glu were seen in
PFC, and GABA in HIP and PFC. Ebselen-treated mice differed from
GLS1 Hets, in showing significant increases in Glu in STR (p = 0.03)
and GABA in HIP (p = 0.036).

3.3. Metabolic labeling

We then measured 13C enrichment of amino acids (Fig. 3 and Sup-
plemental Table for Fig. 3). Gln-C4 was greater than Glu-C4 and GABA-
C2 in all mice, for all regions, as expected for metabolism of this as-
trocyte-selective substrate. Glu-C4, Gln-C4 and GABA-C2 appeared
lower in GLS1 Hets in PFC but not other regions, although not statis-
tically significant. The average Gln-C4 enrichment appeared slightly
higher in THA compared to WT. In ebselen-treated mice, average en-
richments appeared higher than GLS1 Hets for Glu-C4 in all regions,
particularly in HIP and THA, although not statistically significant.

Fig. 1. Representative ex vivo spectra in
PFC samples from WT, GLS1 Het and
ebselen-treated mice. The top panel
shows 1H-[13C] MRS spectra, for total
content. The bottom panel shows 1H-
[13C] MRS containing only 13C coupled
1H resonances, at twice the true in-
tensity for 13C labeled metabolites.
Spectra were acquired at 11.7 T with a
1H resonance frequency of 500.13
MHz. The GLS1 Het spectra show
higher Gln-C4 concentration (top
panel) and lower Glu-C4 labeling
(bottom panel), compared to WT.

L. Kosten, et al. Neurochemistry International 129 (2019) 104508

3



3.4. Glutaminase activity

GLS activity was measured as the ratio of [2–13C]-acetate labeled
Glu-C4 to Gln-C4, after 15 min infusion of 13C-acetate (Fig. 4 and
Supplemental Table for Fig. 4). The Glu-C4/Gln-C4 ratio was sig-
nificantly lower in the HIP in GLS1 Hets (p = 0.036). The ratio ap-
peared lower in THA, PFC and STR, although not statistically

significant, while there was no difference in CB. There were no sig-
nificant differences in ebselen-treated mice. Compared to GLS1 Hets,
there was a near-significant increase in ebselen-treated mice in PFC
(p = 0.051). Ebselen-treated mice differed from GLS1 Hets, in showing
a higher ratio in all regions except CB, although not statistically sig-
nificant.

3.5. Whole brain effects

We analyzed whole brain effects from the average of the individual
measurements taken from the regions of interest (Fig. 5 and Supple-
mental Table for Fig. 5). Whole brain Glu concentrations (left panel) did
not differ between groups; average Gln content appeared higher in
GLS1 Hets compared to WT, although not statistically significant. Eb-
selen-treated mice differed from GLS1 Hets, in showing significant in-
creases in GABA concentrations compared to GLS1 Hets (p = 0.001).
GLS activity (right panel), measured as the ratio of 2-13C-acetate la-
beled Glu-C4 to Gln-C4, was significantly lower in GLS1 Hets compared
to WT (p = 0.018). Ebselen-treated mice differed significantly from
GLS1 Hets (p = 0.018).

4. Discussion

In a regional ex vivo MRS study, we found that mice with a genetic
heterozygous reduction in Gls1 had diminished GLS activity, pre-
dominantly in the hippocampus, without overall changes in Gln, Glu or

Fig. 2. Amino acid content measured from 1H-
[13C] MRS spectra. Regional comparison of
glutamine, glutamate and GABA content in GLS1
Het mice with a genetic reduction of GLS or wild
type (WT) mice following putative pharmaco-
logic GLS inhibition, compared to WT. Mice had
undergone 15 min [2–13C]-acetate infusions,
but here the 1H signals were used to determine
total content. Values are given in Supplemental
Table for Fig. 2. In this and subsequent figures,
all data points are plotted, with bars showing
mean ± SEM. *p < 0.05.

Fig. 3. Regional comparison of 13C en-
richment in glutamine (Gln-C4), gluta-
mate (Glu-C4) and GABA (GABA-C2)
versus plasma, following 15 min
[2–13C]-acetate infusion. Values are
13C enrichment above the 1.1% natural
abundance, relative to plasma [2–13C]-
acetate enrichment. 13C labeled Gln
was significantly greater than Glu or
GABA, consistent with initial metabo-
lism of 13C acetate to Gln in astrocytes.
Values are given in Supplemental Table
for Fig. 3.

Fig. 4. Regional comparison in the 13C-labeled Glu-C4/Gln-C4 ratio, following
15 min [2–13C]-acetate infusion, as an index of GLS activity. GLS activity was
significantly reduced in the HIP of GLS1 Hets, and trended lower in all other
regions, except CB. *p < 0.05.

Fig. 5. Whole brain determinations of amino acid con-
tent and GLS activity, calculated from the average of the
sampled regions, expressed as a percent of WT. Left
panel shows 1H content. There were no significant dif-
ferences in Glu or Gln content; GABA showed overall
differences in ebselen-treated mice. Right panel shows
the ratio of [2–13C]-acetate-enriched Glu-C4 to Gln-C4
at 15 min, as a measure of GLS activity. In GLS1 Het
mice, the ratio was reduced (compared both to WT and
ebselen-treated), while ebselen-treated mice did not
differ from WT. *p < 0.05; ***p < 0.001.
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GABA content. In contrast, putative pharmacological inhibition with
ebselen did not affect GLS activity, had no impact on overall Gln or Glu
content, but did increase GABA content. GLS1 Hets differed sig-
nificantly from ebselen-treated mice in GLS activity, in line with more
recent evidence that ebselen is not a potent GLS inhibitor (Zhu et al.,
2017).

We found about a 15% reduction in GLS activity overall and about a
30% reduction in the hippocampus of GLS1 Hets, measured as a de-
crease in the 13C-Glu-C4/13C-Gln-C4 ratio after 15 min of 13C-acetate
infusion. Our results are in line with in vitro 13C-Gln flux studies in
hippocampal brain slices, where about a 30% reduction in GLS activity
was seen in GLS1 Hets (El Hage et al., 2012). Effect sizes were similar,
with a Cohen's d of 2.1 for ex vivo hippocampus in the present study
compared to 3.5 for the previous in vitro HIP slice study (El Hage et al.,
2012). The hippocampus appears to be more sensitive to GLS1 ma-
nipulations, which is in line with previous findings (Gaisler-Salomon
et al., 2009a, 2012; Hazan and Gaisler-Salomon, 2014). It also validates
the GLS1 Het model again as a GLS deficiency model. Differences in the
Glu-C4/Gln-C4 ratio were driven mainly by Glu-C4 levels, as Gln-C4
was unchanged.

In awake rats, the rate of Glu neurotransmitter cycling is 0.5–0.6
μmol/g/min (Oz et al., 2004), which is ~24% of the rate of Gln hy-
drolysis by GLS measured in cortical homogenates in vitro under max-
imal rate (Vmax-like) conditions (2.1 μmol/g/min (Ward and Bradford,
1979). Assuming a comparable difference between the maximum ac-
tivity of GLS Vmax and neurotransmitter flux in the control mice of our
study, and considering the ~50% reduction in GLS protein in the Het
mice, the enzyme activity present may be sufficient to maintain neu-
rotransmitter rates in most brain regions except hippocampus, where
GLS1 enzyme levels are apparently rate limiting, reflected by the lower
flux measured as the 13C-Glu/13C-Gln ratio.

Ebselen did not reduce GLS activity, nor phenocopy the slight re-
ductions in Glu-C4 content seen in GLS1 Hets, but did result in higher
GABA-C2 than in GLS1 Hets. Indeed, ebselen would be expected to
increase Glu content, as studies in synaptosomes show that the drug
inhibits depolarization-evoked Glu release (Nogueira et al., 2002). Re-
cently it was found that ebselen also inhibits GDH at the catalytic site
(Jin et al., 2018), more potently than its GLS inhibitory action, since
ebselen is not a very potent GLS inhibitor, with an IC50 of about 300 nM
(Zhu et al., 2017). GDH catalyzes a reversible reaction between Glu and
α-ketoglutarate so GDH inhibition could alter Glu levels. Ebselen also
inhibits several other enzymes including thioredoxin reductase, glu-
tathione peroxidase, lipoxygenases, nitric oxide synthase, NADPH oxi-
dases, protein kinase C, H+/K+-ATPase, lactate dehydrogenase, and
quiescin sulfhydryl oxidase (Haddad et al., 2002), pointing to multiple
potential biological effects (Yu et al., 2017).

GABA content showed about a 20% overall increase in ebselen-
treated mice, without regional differences. GABA is formed by GAD
from Glu (Petroff, 2002). Establishing decreases in Glu and therefore
excitatory drive, could be countered by reductions in GABA to maintain
an excitatory/inhibitory balance; however, we did not see this com-
pensation in GLS1 Hets. We did find that GABA-C2 levels differed be-
tween GLS1 Hets and ebselen-treated mice. This is partly in accordance
with the current findings for endogenous Glu levels and the notion that
GAD activity, and thus GABA synthesis, is possibly limited by the
availability of Glu (Martin and Rimvall, 1993). Differences between the
genetic reduction and putative pharmacological inhibition could also be
due to the different temporal domains of the interventions.

The reduction in GLS activity, mainly in the hippocampus of GLS1
Hets phenocopies the reduction in cerebral blood volume (CBV) seen in
the mice (Gaisler-Salomon et al., 2009a). CBV is a measure of vascular
demand, which would decrease in response to lower energy metabo-
lism, as it has been correlated to glucose uptake in localizing brain
dysfunction (González et al., 1995). GLS deficiency was expected to
slow Glu cycling, as seen in the diminished flux through GLS, and thus
energy metabolism. Therefore it is of interest that the largest effect seen

in the present MRS data is in the hippocampus, which corresponds with
the CBV data showing hippocampal hypoactivity in GLS1 Hets (Gaisler-
Salomon et al., 2009b). These convergent data point to distinct hip-
pocampal effects and have clinical potential for biomarker discovery.

Various rodent models have been studied in regard to increased
endogenous Glu levels with MK801 (Kosten et al., 2016; Wyckhuys et al.,
2013), ketamine (Kosten et al., 2018; Sandiego et al., 2013) or other
pharmacological challenges, as well as some rodent models in which
Glu is decreased (Zimmer et al., 2015). GLUD1 transgenic mice, with
increased activity of GDH in neurons resulting in elevated Glu levels
have increased synaptic Glu release and later onset neurodegeneration
(Michaelis et al., 2011). Mice with GLUD1 deficiency, predominantly in
glial cells, also show increased Glu levels, and increased hippocampal
activity, aligned with increased hippocampal Glu in patients at high risk of
schizophrenia, and with schizophrenia (Lander et al., 2018). These rodent
models variously affect Glu levels, creating difficulties in extrapolating
findings between studies, motivating the present comparison of the genetic
reduction in GLS1 Hets to pharmacologic inhibition with ebselen.

5. Conclusions

The current study reveals that acute administration of ebselen as a
putative GLS inhibitor is not a means to inhibit GLS in vivo as achieved
by the genetic manipulation. Other GLS inhibitors, though most re-
cognized compounds lack blood-brain-barrier permeability or potency,
should be tested to conclude whether pharmacologic manipulation of
GLS would be a suitable alternative to genetic modification.

As a future direction, this approach identifies a molecular imaging
strategy for testing target engagement for putative Glu modulators,
comparing genetic and pharmacological reductions. It will be important
to add comparison to global inducible reductions (Mingote et al., 2016)
to align genetic and pharmacological strategies in adulthood in order to
test whether adult inhibition of GLS can engender schizophrenia resi-
lience and thus motivate therapeutic trials of GLS inhibition as a
pharmacotherapy for schizophrenia.
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