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Abstract
Glutamate, the principal excitatory neurotransmitter of the brain, participates in a multitude of
physiologic and pathologic processes, including learning and memory. Glutathione, a tripeptide
composed of the amino acids glutamate, cysteine, and glycine, serves important cofactor roles in
antioxidant defense and drug detoxification, but glutathione deficits occur in multiple
neuropsychiatric disorders. Glutathione synthesis and metabolism are governed by a cycle of
enzymes, the γ-glutamyl cycle, which can achieve intracellular glutathione concentrations of 1-10
millimolar. Because of the considerable quantity of brain glutathione and its rapid turnover, we
hypothesized that glutathione may serve as a reservoir of neural glutamate. We quantified
glutamate in HT22 hippocampal neurons, PC12 cells and primary cortical neurons after treatment
with molecular inhibitors targeting three different enzymes of the glutathione metabolic cycle.
Inhibiting 5-oxoprolinase and γ-glutamyl transferase, enzymes that liberate glutamate from
glutathione, leads to decreases in glutamate. In contrast, inhibition of γ-glutamyl cysteine ligase,
which uses glutamate to synthesize glutathione, results in substantial glutamate accumulation.
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Increased glutamate levels following inhibition of glutathione synthesis temporally precede later
effects upon oxidative stress.
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1. Introduction
Glutamate plays essential roles in many physiological functions and is the major excitatory
transmitter in the central nervous system [1,2]. Glutamate participates in many important
physiological processes, such as developmental plasticity and long-term potentiation, as well
as in pathological conditions such as epilepsy, cerebral ischemia, amyotrophic lateral
sclerosis, Alzheimer's disease, Parkinson's disease and schizophrenia [3].

Glutathione, a tripeptide of glutamate, cysteine and glycine, displays high intracellular
concentrations, 1-10 mM, making it the most abundant low molecular weight thiol of
bacteria, plant and animal cells [4-7]. As such, it participates in a number of critical cellular
processes, including the metabolism of endogenous compounds such as estrogens,
prostaglandins, leukotrienes, and xenobiotic drugs. Glutathione is a well known antioxidant
agent, protecting cells from oxidative or other forms of stress, largely as a cofactor for the
glutathione peroxidase and S-tranferase enzyme families [8-10].

Glutathione synthesis is governed by the enzymes of the γ-glutamyl cycle (Supplemental
Fig. 1), for which glutamate is specifically added and liberated at discrete steps [5,11].
Deficiencies in enzymes of the cycle—5-oxoprolinase (OPLAH), γ-glutamyl cysteine ligase
(GCL), glutathione synthetase, and γ-glutamyl transferase (GGT)—have been associated
with neurologic, psychiatric and cognitive symptomatology [12,13]. Multiple investigators
have also identified decreases in glutathione in neuropsychiatric disorders such as
Parkinson's and Alzheimer's disease, and schizophrenia [14,15]. Substantial proportions of
glutamate neurotransmitter pools (50-60%) have long thought to be derived from the
glutamine-glutamate shuttle [16,17], with much smaller amounts arising from glycolysis
[18-20]. Given the import of glutamate in normal brain physiology and pathologic states, it
would be advantageous for neuronal populations to have a glutamate buffering reservoir.
Because glutathione exists at high levels in brain, is one third glutamate, and has a short
half-life, we hypothesized that the γ-glutamyl cycle serves as a reservoir of neuronal
glutamate. Using selective inhibitors of different steps of the cycle, we now show that
glutathione serves as a source for a major portion of glutamate in HT22 hippocampal
neurons, PC12 cells and primary cortical neurons.

2. Materials and methods
2.1. Cell culture and reagents

PC12 were maintained in Dulbecco's modified eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 5% horse serum, 50 U/mL penicillin and streptomycin, and
200 mM L-glutamine (Invitrogen). HT22 were maintained in DMEM supplemented with
10% FBS, 50 U/mL penicillin and streptomycin and 200mM L-glutamine. Cells were
maintained at 37 °C in 5% CO2/95% atmosphere and medium replaced every 3 days. For
glutathione and glutamate quantification, cell viability analysis and oxidative stress assay,
cells were sub-cultured in 6-well plates (5 × 105 cells/well for PC12 and 2 × 105 cells/well
for HT22). For longer exposure experiments (greater than 24 hours), cells were seeded in
24-well plates (5 × 104 cells per well for PC12 and 5 × 103 cells per well for HT22) and
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grown for 48 hours before experiments. Acivicin was obtained from BIOMOL. 2-
imidazolidone-4-carboxylate (2I4C) and buthionine sulfoximine (BSO) were obtained from
Sigma. All animal procedures related to were approved by the Johns Hopkins University
Animal Care and Use Committee. Dissociated cortical neuron cultures from Sprague-
Dawley rats were prepared as described previously [21].

2.2. Cell viability
3-(4,5-dimethylthiazol)-2,5-diphenyltetrazolium bromide (MTT) was used to evaluate cell
viability. Cells in grown in 24 well plates were treated 2 hours with MTT (final
concentration 50 ug/mL), and media was replaced with 200 uL of dimethylsulfoxide to
solubilize formazan. Sample absorbance at 570 nm was determined by microplate
spectrophotometer and cell viability was expressed as percentage relative to controls.

2.3. Measurement of glutathione
Total and oxidized glutathione was determined by the Tieze method with minor
modifications [22]. Cells were washed in PBS, scraped and suspended in phosphate buffer
then sonicated. A portion of lysate was suspended in 0.1% N-lauroylsarcosine and used for
analysis of protein content by Bradford assay [23]. The remaining solution was centrifuged
15 minutes at 20,000g and the soluble fraction was used for detection of glutathione content.
Proteins in the remaining fraction were precipitated with 50 mg/mL metaphosphoric acid,
removed by centrifugation, and supernatants neutralized with 200 mM triethanolamine. For
oxidized glutathione measurement, an aliquot of the supernatant was incubated 60 minutes
at room temperature with 10 mM 2-vinylpyridine (2-VP) to scavenge reduced glutathione.
The rate of increase in absorbance at 415 nm, which measures the reduction of 5-5′-
dithiobis(2-nitrobenzoic acid) by glutathione, reflects the total glutathione content (or
oxidized glutathione when 2-VP is added). The concentration of total and oxidized
glutathione content in cells was calculated by a calibration curve with standards. Glutathione
content was normalized to total cellular protein per assay and expressed as percentage
relative to control, generally 97% reduced and 3% oxidized glutathione.

2.4. Measurement of glutamate
Cells were collected in phosphate buffer (100 mM sodium phosphate, 1 mM
ethylenediaminetetraacetate, pH 7.5) and sonicated and lysates centrifuged to remove
insoluble debris. Determination of glutamate was performed by Kusakabe's method [24].
2-10 nmol of L-glutamate standards and the cell lysate were mixed with reaction buffer
(final concentrations of 36.8 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer (pH 7.1), 2.19×10−5 U L-glutamate oxidase, 1 U peroxidase, 0.8 mM 3.5-
dimethoxy-N-ethyl-N-(2-hydroxy-3-sulphopropyl) aniline (sodium salt) (DAOS), 0.8 mM
aminoantipyrine). After incubating at 37 °C for 30 minutes, the mixture was measured at a
wavelength of 570 nm with a microplate spectrophotometer. The concentration of L-
glutamate was then calculated using a standard calibration curve, normalized to protein
sample concentrations, and levels expressed as percentage relative to controls.

2.5. Measurement of Reactive Oxygen Species (ROS)
2-[6-(4′hydroxy)phenoxy-3H-xanthen-3-on-9-yl] benzoic acid (HPF) [25] was obtained
from Cayman and prepared fresh as a 10 mM stock solution in ethanol. HT22 and PC12
cells were seeded onto 12-well plastic dish at a density 8 × 104 cells and 2 × 105 in 1 mL
medium. After maintenance in culture media for the aforementioned treatment periods, the
cells were loaded with 5 uM HPF in media and incubated for 30 minutes at 37 °C in the
dark. As a positive control, cells were treated with 500 uM hydrogen peroxide and 100 uM
ferrous sulfate for 1 hour. Cells were washed and resuspended in HEPES based buffer. HPF
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fluorescence was quantified with a Perkin Elmer LS55 fluorescent spectrophotometer using
excitation/emission wavelengths of 488 nm and 515 nm, respectively.

3. Results
3.1. Inhibiting the liberation of glutamate from glutathione leads to decreases in neuronal
glutamate

To test the hypothesis that glutathione may be a significant reservoir for glutamate, HT22
hippocampal neurons, PC12 cells and primary cortical neurons were treated with three
molecular inhibitors targeting three distinct enzymes of the glutathione metabolic cycle:
2I4C, acivicin and BSO. Enzyme expression was confirmed in the target cell types via
immunoblotting (Supplementary Fig. 2). Glutathione and glutamate were quantified by
Ellman's procedure and glutamate oxidase methods, respectively [26,27]. 2I4C blocks
OPLAH, the enzyme that liberates glutamate from 5-oxoproline (Supplementary Fig. 1)
[28]. If glutathione were to serve as a substantial glutamate reservoir, then 2I4C treatment
would be expected to produce significant decreases in total neuronal glutamate. Treatment
of HT22 hippocampal neurons, PC12 and primary cortical neurons with low to mid-
micromolar concentrations of 2I4C resulted in dose dependent 25-30% decreases in
glutamate (Fig. 1A,E,I). Reduced glutathione levels were no significantly altered in HT22
and cortical neurons (Fig. 1B,J) but decreased 25% in PC12 cells (Fig. 1F). This is
consistent with a shorter half life of glutathione in PC12 cells, as noted with BSO treatment
(Fig. 3F). Under these circumstances, glutathione would continue to be consumed by the
families of glutathione peroxidases and S-transferases that utilize it as a substrate.

The 2I4C-elicited decline in glutamate levels was not attributable to cell death, as cell
viability measured by the MTT assay (Fig. 1C,G,K) was unaffected. We also assessed
whether decreases in neuronal glutamate produced by 2I4C were accompanied by oxidative
stress. Reactive oxygen species, including Fenton reaction derived hydroxyl radicals, were
measured by HPF. This molecule becomes fluorescence following oxidation, and offers
greater sensitivity than earlier generation probes whose intrinsic fluorescence is decreased
by oxidation. Treatment with 2I4C for 24 hours did not augment oxidative stress, whereas a
1 hour exposure to 500 uM hydrogen peroxide robustly augmented HPF fluorescence (Fig.
1D,H,L). Oxidized glutathione, which serves as a marker of pharmacological and oxidative
stress, but was also unaffected by 2I4C treatment (Fig. 1B,F,J).

To further explore a role for the γ-glutamyl cycle as a glutamate reservoir, we sought to
inhibit the activity of GGT by acivicin, an enzymatic step upstream of the liberation of
glutamate from the cycle (Supplementary Fig. 1). GGT can generate a γ-glutamyl amino
acid or glutamate, depending upon whether an amino acid or water is used as an acceptor
[29]. Accordingly, we examined whether inhibition of GGT by acivicin influences cellular
glutamate. HT22, PC12 and cortical neurons treated with low micromolar acivicin
concentrations exhibited 25-50% reductions in total glutamate, with effects most
pronounced in primary cortical neurons (Fig. 2A,E,I). Glutathione levels increased in PC12
cells at the 5 uM dose (Fig. 2F). This may be explained by induction of GCLC, the rate-
limiting step for glutathione synthesis, by acivicin in PC12, but not HT22 neurons
(Supplementary Fig. 3). This induction of GCLC specifically occurred at the 5 uM dose
associated with increased Glutathione levels in PC12 cells. Cell viability, reactive oxygen
species and oxidized glutathione were unaffected by acivicin treatment (Fig. 2B-D,F-H,J-L).

3.2. Blocking conversion of glutamate to glutathione leads to glutamate accumulation
We targeted the rate-limiting enzyme of the γ-glutamyl cycle, GCL, with a highly specific
inhibitor, BSO. Inhibition of GCL leads to glutathione depletion owing to its short half life
(0.5-4 hours), including its utilization as a cofactor for over 20 enzymes [5,11]. If the γ-

Koga et al. Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2014 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



glutamyl cycle were a significant glutamate reservoir, then BSO should promote
accumulation of reservoir glutamate (Supplemental Fig. 1). BSO treatment of HT22, PC12
and primary cortical neurons resulted in concentration-dependent glutamate increases of
25-50% (Fig. 3A,E,I), similar to the glutamate decrease elicited by 2I4C and acivicin. As
expected, BSO led to decreases in total glutathione in HT22, PC12 and primary cortical
neurons (Fig. 3B,F,J).

Because BSO depletes glutathione, we examined whether the observed increases in
glutamate were associated with oxidative stress or cytotoxicity. The 24 hour BSO treatment
that increases glutamate did not significantly alter cell viability (Fig. 3C,G,K) or oxidative
stress (Fig. 3D,H,L). BSO treatment ultimately increases oxidative stress as would be
expected following glutathione depletion. BSO treatment of HT22, PC12 cells for 60 hours
results in an increase in reactive oxygen species (Fig. 4A,C). HT22, but not PC12 cells,
experienced a significant reduction in cell viability following the 60 hour BSO treatment
(Fig. 4B,D). Thus BSO inhibition of GCL is associated with an increase in glutamate that is
temporally independent of later oxidative stress associated with glutathione depletion.

4. Discussion
In the present study we provide evidence that glutathione may serve as a physiologic
reservoir of glutamate in neuronal cell types. We targeted three distinct enzymatic steps of
the γ-glutamyl cycle in HT22, PC12 and primary cortical neurons. 2I4C and acivicin, acting
at steps upstream of glutamate liberation from glutathione, led to 25-50% decreases in
glutamate. BSO, which blocks utilization of glutamate to synthesize glutathione, leads to
25-50% increases in total glutamate. While acivicin can also target glutaminase and
transglutaminase 2 [30,31], our findings are unlikely to be explained solely such by off-
target effects, as a reservoir function for glutathione is supported by three inhibitors acting at
three distinct enzymatic steps in three different cell types. Higher doses of acivicin did lead
to increases in glutathione in PC12 cells, but not HT22 or primary cortical neurons (Fig. 2f).
This may be explained by differential effects upon GCL, the rate-limiting step for
glutathione synthesis; acivicin increases the catalytic subunit of GCL in PC12 cells, but not
HT22 neurons (Supplementary Fig. 3).

The antioxidant and cytoprotective functions of glutathione are well established. However
the three cell types we studied tolerated perturbations of the glutathione cycle leading to
25-50% changes in glutamate over 24 hours, without accentuating oxidative stress or
cytotoxicity. Depletion of glutathione for 60 hours eventually promoted oxidative stress
(Fig. 4). The large concentrations of intracellular glutathione may facilitate buffering or
stabilization of neuronal glutamate levels without impacting upon its cytoprotective
functions.

A reservoir function of glutathione to modulate glutamate levels implies a tight relation
between glutathione and glutamate. However, acivicin and 2I4C, which block liberation of
glutamate from glutathione, would not necessarily lead to increases of glutathione. Although
we did not address this specifically in our experiments, any glutathione increases induced by
enzymatic inhibition may be offset by its continued consumption by over 20 enzymes using
it as a substrate (Fig. 1F). In addition, we did not characterize the levels of additional
intermediates of the glutathione cycle, such as 5-oxoproline or gamma-glutamyl amino
acids, whose levels may be affected to a greater degree than glutathione. Flux of glutamate
out of the glutathione cycle may also lead to compensatory changes in activity or protein
expression of glutathione cycle enzymes or transmembrane transporters that supply
substrates to the pathway.
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A glutamate reservoir role for glutathione has particular relevance to neurobiology. The γ-
glutamyl cycle was elucidated over a decade prior to the general acceptance of glutamate as
a neurotransmitter [32]. Cytosolic glutamate levels in neurons are typically reported as 1-10
mM, which overlap neuronal glutathione concentrations ranging from 0.2 to1 mM, though
some have suggested concentrations as high as 10 mM [7,33-37]. We are presently
exploring roles for the glutathione cycle regulating glutamate neurotransmission. Alterations
in neuronal glutamate levels, perhaps by fluxes to and from a glutathione reservoir, might
impact the filling of glutamate vesicles. Indeed, the vesicular glutamate transporters have a
much lower affinity for glutamate, ∼1 mM, than plasma membrane transporters such as
GLT1/EAAT2 whose Km is 4-40 uM [2,38]. Thus, fluxes of cytosolic glutamate to and from
the γ-glutamyl cycle may influence glutamate neurotransmission. Localized glutathione
synthesis would be expected to have an even more pronounced effect, and it has been
suggested that non-cell body areas contain more glutathione [39]. Furthermore, as glutamate
neurotransmitter typically does not saturate postsynaptic receptors, modest impacts upon
release may influence synaptic strength [33,37,40,41]. Thus, increasing intracellular
glutamate concentration in presynaptic terminals leads to greater excitatory post synaptic
currents (EPSC) amplitudes [33,37].

Major amounts of glutamate neurotransmitter (50-60%) have long thought to be derived
from the action of the glutamine-glutamate shuttle [16,17], with substantially smaller
amounts of glutamate transmitter derived from glycolysis [18-20]. While the glutamine-
glutamate shuttle contributes in a major way to GABA neurotransmitter (glutamate is a
GABA precursor), other sources may be more relevant for glutamate [42]. “Phasic” axons
that fatigue in release of glutamate neurotransmitter have lower glutamate levels than
“tonic” glutamate axons with greater glutamate levels [35]. Glutamine levels are similar in
both, suggesting that substantial reservoirs of glutamate exist in neurons independent of
glutamine. Nicoll and colleagues [43] demonstrated that the shuttle is fairly slow to
replenish neuronal glutamate. After inhibition of glutamine recycling, there was an abrupt
decrease, but quick recovery of excitatory neurotransmission, independent of the shuttle.
The authors speculated that neurons might be utilizing an ill-defined endogenous source of
glutamate [43]. The conventional glutathione cycle may not provide de novo glutamate, as
this both enters and exits the cycle. However the large quantities of intracellular glutathione,
up to 20 mM, are also consistent with a reservoir function of glutamate rather than a de novo
biosynthetic source provided by glycolysis or glutamine precursor. Future efforts will
characterize the contribution of these pathways to filling the glutathione pool.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

Glutathione is a reservoir of significant amount of neuronal glutamate.

Acivicin and 2I4C treatments decrease neuronal glutamate.

Buthionine sulfoximine increases neuronal glutamate.

Glutathione reservoir function is independent of antioxidant function.
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Fig. 1.
Inhibition of 5-oxoprolinase by 2I4C decreases neuronal glutamate levels. HT22, PC12 and
cortical neurons were treated with L-2-imidazolidone-4-carboxylate (2I4C), a specific
inhibitor of 5-oxoprolinase (OPLAH), for 24 hours. (A,E,I) Total neuronal glutamate was
decreased 25-30% by 2I4C relative to control treatment. (B,F,J) Effect of 2I4C on reduced
and oxidized glutathione. (C,G,K) Decreased neuronal glutamate by 2I4C was not
associated with altered cell viability as determined by MTT assay. (D,H,L) Effect of 2I4C
on oxidative stress. Reactive oxygen species were determined by HPF fluorescent probe
after 24 hour treatment of HT22, PC12 and cortical neurons with 2I4C. One hour treatment
with 500 uM hydrogen peroxide (H2O2) was used as a control. Data represent mean ±
standard error of triplicates, representative of 3 independent experiments. *, p<0.05 vs.
control by 1-way ANOVA with Tukey-Kramer post hoc test.
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Fig. 2.
Acivicin, an inhibitor of γ-glutamyl transferase, decreases glutamate in HT22, PC12 and
cortical neurons. (A,E,I) 24 hour treatment with acivicin results in diminished glutamate
levels. (B,F,J) Effect of acivicin upon reduced and oxidized glutathione in HT22 and PC12
and cortical neurons. (C,G,K) Decreased neuronal glutamate by 2I4C was not associated
with altered cell viability as determined by MTT assay. (D,H,L) Effect of acivicin on
oxidative stress. HT22, PC12 and cortical neurons were treated 24 hours with 2I4C and
oxidative stress was assessed by HPF fluorescence. One hour exposure to 500 uM hydrogen
peroxide (H2O2) was used as a control. Data represent mean ± standard error of triplicates,
representative of 3 independent experiments. *, p<0.05 by 1-way ANOVA with Tukey-
Kramer post hoc test.
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Fig. 3.
Buthionine sulfoximine (BSO) inhibition of γ-glutamyl cysteine ligase (GCL) augments
glutamate levels. HT22, PC12 and primary cortical neurons were treated with BSO for 24
hours after which glutamate, glutathione, cell viability and oxidative stress levels were
determined. (A,E,I) BSO increases glutamate in a dose-dependent manner in HT22, PC12
and cortical neurons. (B,F,J) Decrease in glutathione following GCL inhibition by BSO.
(C,G) Effect of BSO treatment (24 hours) upon cell viability of HT22, PC12 and cortical
neurons. (D,H,L) Effect of BSO on oxidative stress at 24 hours. Following 24 hour
treatment with BSO, oxidative stress was assessed by HPF fluorescence. One hour exposure
to 500 uM hydrogen peroxide (H2O2) was used as a control. Data represent means ±
standard error of triplicate determinations. *, p<0.05 vs. control by 1-way ANOVA with
Tukey-Kramer post hoc test.
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Fig. 4.
Extended treatment of PC12 and HT22 cells with BSO increases oxidative stress. (A,B)
Cells were treated with BSO for 60 hours and relative oxidative stress was quantified by
HPF fluorescence. (C,D) Effect of 60 hour BSO treatment upon cell viability in HT22 and
PC12. Data represent means ± standard error of triplicate determinations. *, p<0.05 vs.
control by 1-way ANOVA with Tukey-Kramer post hoc test.
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