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A Dominant Role of GTRAP3-18 in Neuronal Glutathione

Synthesis

Masahiko Watabe,* Koji Aoyama,* and Toshio Nakaki

Department of Pharmacology, Teikyo University School of Medicine, Tokyo 173-8605, Japan

Glutathione is an essential reductant which protects cells and is reduced in neurodegenerative disorders such as Parkinson’s and
Alzheimer’s diseases. Neurons rely mainly on extracellular cysteine for glutathione synthesis and a cysteine transporter termed excita-
tory amino acid carrier 1 (EAAC1). However, the mechanisms underlying neuronal cysteine uptake have remained elusive. Herein, we
show glutamate transport-associated protein for EAAC1 (GTRAP3-18) to interact with EAACI at the plasma membrane and thereby
regulate neuronal glutathione levels. Glutathione increased in the mouse brain as well as in primary cultured neurons, when the
GTRAP3-18 protein level was decreased by genetic manipulations, whereas glutathione decreased when GTRAP3-18 was increased.
Furthermore, glutathione contents that had been increased, by a translocator and activator of EAACI, were suppressed by increased cell
surface GTRAP3-18 protein. Our results demonstrate GTRAP3-18 to dominantly and negatively determine the intracellular glutathione

contents in neurons.
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Introduction

Glutathione (GSH) plays a critical role in protecting cells from
various oxidative stresses. GSH in the brain declines with aging
(Mabher, 2005) and GSH depletion enhances oxidative stress in
the brain (Schulz et al., 2000; Bharath et al., 2002). Oxidative
stress plays an important role in neurodegenerative processes
(Halliwell, 1992). Indeed, GSH contents in discrete brain areas
are reduced in patients with neurodegenerative disorders such as
Parkinson’s and Alzheimer’s diseases (Dringen and Hirrlinger,
2003).

GSH is synthesized from glutamate, cysteine, and glycine.
As for intracellular cysteine availability for GSH synthesis, two
different mechanisms exist; one is uptake of cystine, which is
then converted to cysteine (Cho and Bannai, 1990; Murphy et
al., 1990), and the other involves direct uptake of cysteine
(Sagara et al., 1993; Dringen, 2000). For GSH synthesis, ma-
ture neurons use only cysteine, i.e., not cystine (Sagara et al.,
1993; Kranich et al., 1996), and cysteine is the rate-limiting
factor (Dringen et al., 1999). Extracellular supplies of other
amino acids, glutamate and glycine, do not increase GSH syn-
thesis (Almeida et al., 1998; Dringen et al., 1999), because
steady state intracellular concentrations are sufficient (Drin-
gen, 2000). Therefore, the availability of cysteine is critically
important for neuronal GSH synthesis.

Cell culture studies suggest excitatory amino acid carrier 1
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(EAACI) to be a neuronal cysteine transporter (Shanker et al.,
2001; Chen and Swanson, 2003; Himi et al., 2003). Moreover,
EAACI is an essential transporter of cysteine needed for GSH
synthesis (Aoyama et al., 2006), as evidenced by EAACI gene-
deficient mice displaying both a low level of neuronal GSH
and vulnerability to oxidative stresses. EAACI is a member of
the family of sodium-dependent excitatory amino acid trans-
porters (EAATs). EAACI is widely expressed in neurons in the
mature brain (Rothstein et al., 1994), but its contribution to
glutamate reuptake from the synaptic cleft is so minuscule
(Danbolt, 2001) that its major function is probably cysteine
rather than glutamate transport. The structural requirements
of EAAC1 for glutamate and cysteine transport appear to be
different, because point mutations in the EAAC1 primary
structure result in clear dissociation of the transport capability
for each amino acid (Bendahan et al., 2000). Glutamate trans-
port associated protein for EAAC1 (GTRAP3-18) is a
membrane-associated protein that interacts with EAAC1 (Lin
et al,, 2001) and negatively modulates EAACI1-mediated glu-
tamate reuptake in vitro as well as in vivo (Lin et al., 2001;
Butchbach et al., 2003). However, because differential struc-
tural conformation of EAACI is required for cysteine and
glutamate transport, it remains to be established whether
GTRAP3-18 is capable of regulating cysteine uptake and the
intracellular GSH contents of neurons. In our recent studies
using human embryonic kidney 293 (HEK293) cells, which
express only EAACI among the EAATSs (Lin et al.,, 2001) and
have little ability to take up cystine (Shih and Murphy, 2001),
we found GTRAP3-18 to dominantly and negatively deter-
mine intracellular GSH contents (Watabe et al., 2007). Herein,
we report GTRAP3-18 to dominantly and negatively deter-
mine the intracellular GSH contents of neurons in vivo as well
as in vitro.
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Figure 1.

(red) in CGNs was examined using a laser-scanning fluorescence microscope.

Materials and Methods

Materials. 1-Aspartate-£3-hydroxamate (LABH), methyl-B-cyclodextrin
(MeBCD), phorbol-12-myristate-13-acetate (PMA), 4a-PMA, quisqualate,
and anti-actin antibody were purchased from Sigma-Aldrich. pL-Threo-3-
benzyloxyaspartate (TBOA) and dihydrokainate (DHK) were obtained
from Tocris Bioscience, Fluoro-Jade B from Millipore, anti-pan cadherin
antibody from Abcam, anti-EAACI1 antibody from Alpha Diagnostic Inter-
national, and anti-GTRAP3-18 antibody from Trans Genic.

Cultures of cerebellar granule neurons. Cultures of cerebellar granule
neurons (CGNs) were prepared (Giordano et al., 2006) from 7-d-old rats
killed by decapitation. Cerebella were rapidly dissected from the brain,
meninges were removed, and tissue was cut into 2 mm cubes. The tissue
pieces were incubated with DNase and trypsin, before being mechani-
cally dissociated by titration using a long-stem Pasteur pipette. After
dissociation, the cell suspension was centrifuged in a refrigerated centri-
fuge at 300 X g for 5 min. The cell pellet was resuspended in complete
growth medium consisting of Neurobasal A medium containing 0.5 mm
L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and B27 sup-
plement. A portion of the resuspended cells was added to the same vol-
ume of 0.04% trypan blue solution in PBS and the percentage of viable
cells was determined. The cells were seeded at a density of 3 X 10°
cells/em? at 37°C under 5% CO, in air. After 24 h, the medium was
removed and substituted with fresh prewarmed complete growth
medium.

Transfection of GTRAP3-18 antisense oligonucleotides. CGNs had been
cotransfected with oligonucleotides and pGFP or pDsRed using Neuro-
Fect (Genlantis) as described previously (Watabe et al., 2004). We used
GTRAP3-18 sense or antisense oligonucleotides (Invitrogen) of the same
areas in the rat, as described previously (Lin et al., 2001). We considered
green fluorescent protein (GFP)- or DsRed-positive cells to be
oligonucleotide-transfected cells.

Detection of GSH using ThioGlo-1. The GSH concentration in CGNs
was determined using ThioGlo-1 (Calbiochem), a maleimide reagent
that produces a highly fluorescent adduct after reaction with thiol
groups. The GSH content was estimated from the fluorescence response
via the interaction of ThioGlo-1 mainly with intracellular GSH in intact
cells as previously reported (Kagan et al., 2001). Cells were incubated at
37°C for 30 min with 10 M ThioGlo-1. After washing with PBS to
remove excess nonreacted ThioGlo-1, the level of fluorescence was mea-
sured using a Multimode Detector DTX800 (Beckman Coulter).

GSH quantitation and visualization. GSH activity was measured by the

Colocalization of EAACT and GTRAP3-18 in CGNSs. A, Intracellular localizations of EAACT (green), GTRAP3-18 (red),
and nuclei (blue) of CGNs were examined using a fluorescence microscope. B, Colocalization of EAACT (green) and GTRAP3-18
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NADPH-dependent GSH reductase method as
reported previously (Baker et al., 1990). Brain
samples were homogenized with ice-cold 5%
sulfosalicylic acid to precipitate cellular macro-
molecules and extract GSH from both cells and
tissues. After centrifugation at 1200 X g for 15
min, the supernatant solution was used for the
measurement. The brain solution was diluted
with PBS containing 1 mm EDTA and the pH
was adjusted to 7.0. Reaction mixture contain-
ing 1 mm EDTA, 0.3 mm DTNB [5,5'-dithio-
bis-(2-nitrobenzoic acid)], 0.4 mm NADPH,
and 2 IU/ml GSH reductase was added to the
same volumes of diluted brain and GSH stan-
dard solutions. Total absorbance at 405 nm was
measured and calibrated to GSH standards. For
visualization of GSH, the fluorescent dye
5-chloromethylfluorescein diacetate (CMFDA)
was used.

Immunoblot analysis. Immunoblotting was
performed as described previously (Watabe et
al., 1996). Cells were lysed in radioimmunopre-
cipitation assay buffer (50 mm Tris-HCl pH 7.4,
150 mm NaCl, 1% NP-40, 0.25% sodium de-
oxycholate, 1 mm EDTA) containing a protease
inhibitor mixture (Sigma-Aldrich). SDS, di-
thiothreitol, and mercaptoethanol were added
to the cell lysate, followed by boiling. Dena-
tured proteins were separated on polyacrylamide gel and transferred to a
polyvinylidene difluoride membrane (GE Healthcare). The membrane
was incubated with a blocking solution (2% bovine serum albumin dis-
solved in PBS containing 0.2% Tween 20) for 1 h at room temperature
and incubated with a first antibody dissolved in blocking solution over-
night at 4°C. After washing, the membrane was incubated for 1 h with
horseradish-linked secondary antibody. Immunoreactive proteins were
detected with an enhanced chemiluminescence system (GE Healthcare).
Band intensities were measured using Scion Image release Beta 4.0.3.

Immunocytochemistry. As described previously (Watabe et al., 2000),
cells were washed with PBS and fixed with 3.7% formaldehyde for 20
min. Cells were permeabilized with PBS containing 0.2% Triton X-100
for 5 min and then washed three times with PBS. Incubation with pri-
mary antibody was performed for 1 h at room temperature. Excess anti-
body was washed out three times with PBS. This was followed by incu-
bation with an appropriate fluorophore-labeled secondary antibody for
1 hatroom temperature in an area shielded from light. After washing out
the excess antibody three times with PBS, coverslips were mounted using
a ProLong Antifade Kit (Invitrogen). Fluorescent images were obtained
using a Zeiss fluorescence microscope and Axio Vision software and a
Bio-Rad inverted laser-scanning fluorescent microscope and Laser Sharp
2000 software.

Immunohistochemistry. Coronal 50 um sections were cut and placed in
PBS containing 2% goat serum/0.2% Triton X-100/0.1% bovine serum
albumin for 30 min at room temperature. After washing with PBS, the
slices were incubated overnight at 4°C with primary antibody. After
washing with PBS, the slices were incubated for 2 h with an appropriate
fluorophore-labeled secondary antibody. Propidium iodide was used for
counterstaining and Fluoro-Jade B was used for toxicity assessment
(Schmued et al., 1997; Schmued and Hopkins, 2000). The section was
mounted using a ProLong Antifade Kit (Invitrogen) and photographed
with a Bio-Rad inverted laser-scanning fluorescent microscope using
Laser Sharp 2000 software. Emission signals were acquired with filters for
green (FITC, 488 nm).

Synthesis of small interfering RNAs. Chemically synthesized small in-
terfering RNAs (siRNAs) were obtained from Sigma-Aldrich. The siRNA
sequences were as follows: GTRAP3-18, 5'-GCCAUCUUAUCGUAGG-
GAAGA-3'; and EAACI, 5'-CCUGCUAAUUCCCGAAGAUGG-3'. A
nonsilencing RNA duplex was used as a control (Kim et al., 2005).

Intracerebroventricular drug infusion. The coordinates used in these
experiments were 0.3 mm caudal to the bregma, 1.2 mm from the mid-
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Figure2. A-D,Effectsofinhibitors of EAAT and cystine transporter on GSH contents of CGNs.
After CGNs had been treated with TBOA (A), DHK (B), LABH (C), or quisqualate (D) at the
indicated concentrations for 3 h, GSH was assayed. Results are presented as means of three
independent experiments. *p << 0.05 compared with control. Error bars indicate SEM.

line, and 2.5 mm below the dura in adult male (8 weeks) C57BL/6] mice.
The mice were implanted with microosmotic pumps (Durect; 0.5 ul/h)
filled with MeBCD (40 or 250 mg/ml), artificial CSF (aCSF) containing
(in mm) 130 NaCl, 3.5 KCl, 1.25 NaH,PO,, 2 MgSO,, 2 CaCl,, 20
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NaHCO;, and 10 glucose at pH 7.4, or siRNAs (20 mg/ml). All mice were
kept in a temperature-controlled room at 23°C under a 12 h light/dark
cycle with food and water available ad libitum. The protocols were ap-
proved by the Animal Experimentation Committee of Teikyo University
School of Medicine.

Cell surface biotinylation. Labeling of proteins on the plasma mem-
brane was performed by cell surface biotinylation using a Pinpoint Cell
Surface Protein Isolation Kit (Pierce) in accordance with the manufac-
turer’s instructions (Watabe et al., 2007).

Statistical analysis. Statistical significance was determined using either
Student’s t test for two group comparisons or ANOVA with the Mann—
Whitney U test for multiple group comparisons. A p value of <0.05 was
considered significant.

Results

To explore the regulatory mechanisms underlying EAACI effects
on GSH contents, we used a primary neuronal culture system as
an in vitro model system. We first ascertained whether both
EAACI and GTRAP3-18 are expressed in rat primary cultured
CGNs using specific antibodies. Immunocytochemical analysis
of CGNs revealed GTRAP3-18 to be present both at the plasma
membrane and in the intracellular compartment (Fig. 1 A), and
to be colocalized with EAACI1 (Fig. 1 B). We examined whether
the GSH content is regulated by EAAC1 activity in CGNs using
EAAT inhibitors and ThioGlo-1 as a fluorescent reagent for GSH
detection. The nonspecific EAAT inhibitor TBOA dose-
dependently decreased intracellular GSH contents (Fig. 2A). The
GLT-1 specific inhibitor DHK failed to decrease intracellular
GSH contents at a concentration sufficient to inhibit GLT-1-
mediated glutamate uptake (Fig. 2 B). LABH, which inhibits both
GLT-1 and EAACI, decreased intracellular GSH contents (Fig.
2C). GSH synthesis is known to occur via the oxidized form of
cysteine, cystine, in glial cells. However, the cystine transporter
inhibitor quisqualate failed to decrease intracellular GSH con-
tents (Fig. 2 D). Therefore, these results indicate EAACI1 to me-
diate GSH synthesis in CGNs.

GTRAP3-18 negatively regulates GSH levels in cultured
neuronal cells

We next examined the effects of the intracellular GTRAP3-18
level on cellular GSH contents of CGNs. To increase GTRAP3-18
expression, the cells were treated with MeBCD, which increases
GTRAP3-18 expression (Butchbach et al., 2003). MeBCD in-
creased the level of endogenous GTRAP3-18 protein in CGNs, as
expected (Fig. 3A,B). The EAACI protein level was not affected
by MeBCD (Fig. 3A, B). We demonstrated this phenomenon us-
ing an immunocytochemical technique. Me3CD increased the
fluorescence level of endogenous GTRAP3-18 protein in CGNss,
but not EAAC1 (Fig. 3C). To confirm the MeBCD-increased
physical interaction between GTRAP3-18 and EAACI1, we per-
formed an immunoprecipitation experiment using anti-EAACI1
antibody. MeBCD increased GTRAP3-18 interacting with
EAACI in CGNs (Fig. 3D, E). Under these experimental condi-
tions, we examined the intracellular GSH content in CGN’s using
ThioGlo-1. MeBCD dose-dependently decreased intracellular
GSH (Fig. 3F). We confirmed this phenomenon using the fluo-
rescent dye CMFDA for intracellular GSH visualization. The
GSH content decreased concomitantly with the increase in
GTRAP3-18 protein in response to MeCD (Fig. 3G). To de-
crease GTRAP3-18 expression, we used GTRAP3-18 antisense
oligonucleotides cotransfected with pGFP and observed a specific
reduction in the level of endogenous GTRAP3-18 protein in
GFP-positive cells (Fig. 4A). GTRAP3-18 sense oligonucleotides
did not affect the GTRAP3-18 protein level in GFP-positive cells
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(Fig. 4A). Under these experimental conditions, we used CM-
FDA and observed a specific increase in the intracellular GSH
contents of DsRed-positive, i.e., oligonucleotide-transfected,
cells (Fig. 4 B). GTRAP3-18 sense oligonucleotides did not affect
the CMFDA fluorescence level in DsRed-positive cells (Fig. 4 B).

-
-
Effects of Me3CD on GTRAP3-18 expression and GSH contents of CGNs. A, CGNs were treated with Me3(D at the
indicated concentrations for 2 d. Immunoblot analysis was performed using each specific antibody. B, Protein bands were
quantified against actin amounts in the same lysates. Results are presented as means of three independent experiments. €, CGNs
were treated with 250 v MeBCD for 2 d. Intracellular localizations of EAACT (green), GTRAP3-18 (red), and nuclei (blue) of CGNs
were examined. D, CGNs were treated with 250 pm Me3CD for 2 d. After immunoprecipitation using anti-EAACT antibody,
immunoblot analysis was performed. E, GTRAP3-18 levels were quantified against EAACT amounts in the precipitates. F, (GNs
were treated with Me3(D at the indicated concentrations for 2 d. GSH was assayed using ThioGlo-1. Results are presented as

means of three independent experiments. *p << 0.05 compared with control. G, After CGNs had been treated with 250 um Me 3D
for 2 d, they were triple stained using Hoechst33342 (blue), CMFDA (CMF; green), and anti-GTRAP3-18 antibody (Red).

GTRAP3-18 sense oligonucleotides did
not affect the MeBCD-increased
GTRAP3-18 protein level in GFP-positive
cells (Fig. 5A). Under these experimental
conditions, we used CMFDA and observed
an increase in intracellular GSH contents
of DsRed-positive cells despite MeBCD
treatment (Fig. 5B). GTRAP3-18 sense oli-
gonucleotides did not affect the Me3CD-
decreased CMFDA fluorescence level in
DsRed-positive cells (Fig. 5B). Quantita-
tive analysis showed intracellular GSH to
be increased despite MeBCD treatment
when GTRAP3-18 protein was decreased
by antisense oligonucleotides (Fig. 5C).
These results show that GTRAP3-18 nega-
tively regulates the intracellular GSH con-
tents of CGNs.

Increased GTRAP3-18 decreases GSH
levels in mouse brain

We next examined the effects of the in-
tracellular GTRAP3-18 level on brain
GSH contents in vivo. To determine
whether MeBCD increases GTRAP3-18
protein levels in the brain in vivo, adult
male mice were intracerebroventricu-
larly and continuously infused with
MeBCD (250 mg/ml) for 48 h (Butch-
bach et al., 2003), and then analyzed for
GTRAP3-18 amounts in the brain. This
intracerebroventricular administration
resulted in a pronounced increase in
GTRAP3-18 immunoreactivity in the
MeBCD-treated brain compared with
the aCSF-treated brain (data not
shown). However, this MeCD concen-
tration was high enough to cause some
toxic effects. Therefore, we analyzed
GTRAP3-18 amounts under milder con-
ditions (40 mg/ml MeBCD, mean flow
rate 0.5 ul/h, 5 d) to reduce the possible
adverse effects of MeCD. This intrace-
rebroventricular administration re-
sulted in a pronounced increase in
GTRAP3-18 immunoreactivity in the
CA1 field of the hippocampus, which is the brain region clos-
est to the Me3CD administration site, as compared with the
vehicle (aCSF)-treated brain (Fig. 6A). Based on the results
showing MeBCD to not affect propidium iodide and Fluoro-
Jade B staining of the hippocampal CA1 cell layer, the milder
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condition produced no toxicity (Fig. A
6A). Intracerebroventricular adminis-
tration of Me3CD under these relatively

mild conditions also resulted in an in- GTRAP3-18

crease in the amount of GTRAP3-18 in (Sense)

the hippocampus, compared with aCSF-

treatment (Fig. 6 B,C). To confirm the

MeBCD-increased physical interaction

of GTRAP3-18 with EAACI in the hip-

pocampus, we performed an immuno-

precipitation experiment using anti- GTRAP3-18
(Antisense)

EAACI antibody. MeBCD increased the
GTRAP3-18 interaction with EAACLI in
the hippocampus (Fig. 6D,E). Under
these experimental conditions, we ex-
amined the intracellular hippocampal B
GSH contents using the NADPH-
dependent GSH reductase method and
found it to be decreased by 31.8 = 5.1%
in the hippocampus treated with
MeBCD as compared with that treated
with aCSF (Fig. 6 F).

GTRAP3-18
(Sense)

GTRAP3-18 siRNA increases GSH levels

in mouse brain

We next examined the effects of
GTRAP3-18 depletion on in vivo brain
GSH contents. We used RNA interference
to decrease the GTRAP3-18 amount. To
determine whether siRNA of GTRAP3-18
decreases GTRAP3-18 proteinlevelsinthe
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L . . . 300
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GTRAP3-18 siRNA (20 mg/ml) for 1 week 2 o
and GTRAP3-18 protein amounts in the >

. . . (%]
brain were then analyzed. We immunobhis- S 150
tochemically analyzed the GTRAP3-18 2 4iid
immunoreactivity in the brain and con- S
firmed a decrease in the CALl field of the T s0
GTRAP3-18 siRNA-treated brain com-

Y
i
=R
-

Watabe et al. @ Regulation of Neuronal GSH Synthesis by GTRAP3-18

GTRAP3-18
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pared with vehicle-, nonsilencing siRNA-,
and EAAC1 siRNA-treated brains (Fig.
7A). Based on the results showing siRNA
treatment to not affect propidium iodide
and Fluoro-Jade B staining of the hip-
pocampal CA1 cell layer, this condition
produced no toxicity (Fig. 7A,C).
GTRAP3-18 siRNA quantitatively de-
creased the GTRAP3-18 amount in the
hippocampus as compared with vehicle-,
nonsilencing siRNA-, or EAACI siRNA-treated brains (Fig.
8A,B). However, this siRNA effect was seen only in the hip-
pocampus, i.e., not in the cortex or the cerebellum, when com-
pared with MeBCD administration in the same areas (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). These results indicate that siRNA infusion might cause
more localized effects because of limited diffusion compared with
MeBCD. Under these experimental conditions, we quantified
GSH contents of the hippocampus using the NADPH-dependent
GSH reductase method. GTRAP3-18 siRNA increased GSH con-
tents as compared with the vehicle- or nonsilencing siRNA-
treated brain (Fig. 8C).

Figure 4.

GTRAP3-18 CMF

Effects of GTRAP3-18 antisense oligonucleotides on GSH contents of CGNs. A, CGNs were transiently cotransfected
with pGFP and GTRAP3-18 sense or antisense oligonucleotides. Two days later, immunocytochemistry using anti-GTRAP3-18
antibody (DsRed) was performed. We considered GFP-positive cells to be oligonucleotide-transfected cells. B, CGNs were tran-
siently cotransfected with pDsRed and GTRAP3-18 sense or antisense oligonucleotides. Two days later, the cells were stained with
CMFDA (CMF; green). We considered DsRed-positive cells to be oligonucleotide-transfected cells. €, The fluorescence intensity on
the oligonucleotide-transfected cells (GFP-positive or DsRed-positive cells) was quantified in two independent experiments with
triplicate culture wells. The average number of GFP- or DsRed-positive cells was 5-10. *p << 0.05 compared with GTRAP3-18 sense
oligonucleotide-transfected cells.

EAACI siRNA decreases GSH levels in mouse brain

We also examined the in vivo effect of EAAC1 depletion on
brain GSH contents. Using EAAC1 siRNA to decrease EAACI
amounts, mice were infused intracerebroventricularly and
continuously with EAAC1 siRNA. This intracerebroventricu-
lar EAACI siRNA administration decreased EAAC1 amounts
in the hippocampus as compared with vehicle-, nonsilencing
siRNA-, and GTRAP3-18 siRNA-treated brains (Fig. 8 A, B).
Furthermore, we analyzed EAAC1 immunoreactivity in the
brain and found a pronounced decrease in this immunoreac-
tivity in the CAl field of the EAAC1 siRNA-treated brain com-
pared with vehicle-, nonsilencing siRNA-, and GTRAP3-18
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Figure 5.  Effects of GTRAP3-18 antisense oligonucleotides in Me 3CD-treated CGNs. 4, After CGNs had been treated with 250
umMeB(D, CGNs were transiently cotransfected with pGFP and GTRAP3-18 sense or antisense oligonucleotides. Two days later,
immunocytochemistry using anti-GTRAP3-18 antibody (DsRed) was performed. GFP-positive cells were considered to be
oligonucleotide-transfected cells. B, After CGNs had been treated with 250 um Me 3CD, CGNs were transiently cotransfected with
pDsRed and GTRAP3-18 sense or antisense oligonucleotides. Two days later, the cells were stained with CMFDA (CMF; green).
DsRed-positive cells were considered to be oligonucleotide-transfected cells. C, Fluorescence intensity changes on both Me 3(D-
treated and oligonucleotide-transfected cells (GFP-positive or DsRed-positive cells) were quantified in comparison with the
intensity of nontreated, nontransfected cells, the value for which was taken as 0%. The fluorescence intensities of GFP- and
DsRed-positive cells were quantified in two independent experiments with triplicate culture wells. The average number of GTP- or
DsRed-positive cells was 5-10. *p << 0.05 compared with control; **p << 0.05 compared with both Me3(D-treated and
GTRAP3-18 sense oligonucleotide-transfected cells.
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siRNA-treated brains (Fig. 7B). Under these experimental

J. Neurosci., September 17, 2008 - 28(38):9404 -9413 « 9409

vehicle- and nonsilencing siRNA-
treated brains (Fig. 8C). These results
show that EAACI is an essential cysteine
transporter for brain GSH synthesis and
that GTRAP3-18 negatively regulates
brain GSH contents in vivo.

GTRAP3-18 plays a dominant role in
GSH levels

Protein kinase C activation is known to
positively regulate cell surface expres-
sion of EAAC1 (Danbolt, 2001). Immu-
nocytochemical (Fig. 94) and biochem-
ical analysis using a cell surface
biotinylation technique (Fig. 9B) re-
vealed PMA, a protein kinase C activa-
tor, to induce an increase in the cell sur-
face EAACI level in CGNs. The GSH
content using ThioGlo-1 was elevated
concomitantly with an increase in the
surface EAACI level by PMA (Fig. 9),
whereas 4a-PMA, an inactive com-
pound on protein kinase C, did not in-
crease GSH contents (Fig. 9C,D). Treat-
ment of MeBCD-treated cells with PMA
induced large increases in cell-surface
colocalized EAAC1 and GTRAP3-18
(Fig. 9A, B). Importantly, however, the
PMA-induced increase in GSH content
was inhibited by the MeBCD-induced
increase in cell surface GTRAP3-18 pro-
tein in CGNs (Fig. 9C,D).

Discussion

Our results demonstrate GTRAP3-18 to
dominantly and negatively regulate
EAACI activity and determine the intra-
cellular GSH contents of neurons in vivo as
well as in vitro. In primary neuronal cul-
ture, ~90% of total cysteine uptake is me-
diated mainly by EAATs (Shanker et al.,
2001). There are five EAATS termed gluta-
mate—aspartate transporter (GLAST), glu-
tamate transporter-1 (GLT-1), EAACI,
EAAT4, and EAATS5 (Danbolt, 2001).
GLAST and GLT-1 are localized primarily
to astrocytes, and EAAC1, EAAT4, and
EAATS5 to neurons. EAAT4 and EAAT5
are restricted to cerebellar Purkinje cells
and the retina, respectively, whereas
EAACI is widely expressed in the CNS
(Maragakis and Rothstein, 2004). In rats,
knockdown expression of GRAST or
GLT-1 by antisense oligonucleotides
raised the extracellular glutamate concen-
tration, whereas EAAC1 knockdown had
no effect on extracellular glutamate con-
tents (Rothstein et al., 1996). Astrocyte
glutamate transporters are limited to glu-
taminergic synapses, whereas EAACI is

conditions, we examined brain GSH contents using the  detected diffusely over cell bodies and processes (Rothstein et al.,
NADPH-dependent GSH reductase method. EAACI siRNA  1994). EAACI can also transport cysteine at a rate comparable
decreased hippocampal GSH contents compared with the  with that of glutamate, with 10- to 20-fold higher affinity than
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that of GRAST or GLT-1 (Zerangue and
Kavanaugh, 1996). Moreover, a recent
study demonstrated that EAACI is an es-
sential transporter of the cysteine needed
for GSH synthesis (Aoyama et al., 2006).
Therefore, EAACI is the primary neuronal
transporter among members of the EAAT
family (Rothstein et al., 1994) and the
main role of EAACI is not extracellular
glutamate clearance, but rather cysteine
transport for GSH synthesis in brain
neurons.

We used a primary neuronal culture as
an in vitro neuronal EAACI model system.
Because not only EAAC1 but also other
EAATS, which are not expressed in neu-
rons in vivo, are induced during primary
culture of some neurons (Himi et al.,
2003), we used inhibitors of EAATS or the
cystine transporter and thereby confirmed
our system to be suitable as an in vitro neu-
ronal EAAC1 model system.

MeBCD increases endogenous
GTRAP3-18 in HEK293 cells (Butchbach
etal.,2003). MeBCD has a high affinity for
cholesterol and promotes the efflux of
cholesterol from cells (Kilsdonk et al.,
1995). However, there is no evidence for
an association of EAAC1 with cholesterol
efflux (Butchbach et al., 2004) and our
previous study indicated no association
between the MeBCD-induced efflux of
cholesterol and GSH contents (Watabe et
al., 2007). Our current study showed
MeBCD to decrease neuronal GSH con-
tents via an increase in GTRAP3-18 in vivo
as well as in vitro. To downregulate
GTRAP3-18 expression, we used an anti-
sense oligonucleotide and short interfer-
ing RNA (siRNA) techniques. Both anti-
sense oligonucleotides and siRNA of
GTRAP3-18 specifically reduced the en-
dogenous GTRAP3-18 protein level and
concomitantly increased neuronal GSH in
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Figure 6.  Effects of Me3CD on GTRAP3-18 expression and GSH contents in vivo. Adult male C57BL/6) mice (n = 3) were
treated intracerebroventricularly for 5 d with either Me3CD (40 mg/ml; flow rate, 0.5 wl/h) or aCSF. A, GTRAP3-18 immunola-
beling (green), propidium iodide counterstaining (red), and Fluoro-Jade B staining (green) were performed in the CA1 field of the
mouse hippocampus and examined by confocal laser-scanning fluorescence microscopy. B, Immunoblot analysis of the mouse
hippocampus was performed using each specific antibody. €, Protein bands were quantified against the amounts of actin in the
same lysates. D, Afterimmunoprecipitation using lysates of mouse hippocampus and anti-EAAC1 antibody, immunoblot analysis
was performed. E, GTRAP3-18 levels were quantified against EAACT amounts in the precipitates. F, GSH contents of the mouse
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vivo as well as in vitro. These results clearly

show GTRAP3-18 to negatively regulate

neuronal GSH contents, which may in turn affect susceptibility to
oxidative stress.

Each EAAT family member is chemically modified by various
stimuli. Oxygen radicals and hydrogen peroxide induce persis-
tent inhibition of EAATS, probably via direct interaction with the
transport process (Volterra et al., 1994). Nitric oxide generators,
such as sodium nitroprusside and S-nitroso-N-acetyl-
penicillamine, decrease glutamate uptake into the synaptosomes
(Pogun et al., 1994). Peroxynitrite, formed from superoxide an-
ion and nitric oxide, inhibits glutamate uptake by the neuronal
transporter EAACI (Trotti et al., 1996). However, the functional
significance of these chemical modifications of EAACI remains
unknown. Another modification of EAAC1 involves phosphory-
lation. In a tumor cell line, the cell surface expression and activity
of EAACI appear to be regulated by several phosphorylation
pathways. In particular, a protein kinase C-mediated pathway is
known to positively regulate cell surface expression and activa-

tion of glutamate uptake by EAAC1 (Danbolt, 2001; Huang et al.,
2006). EAACI is mainly localized in the intracellular compart-
ment, with ~20% in the plasma membrane (Nieoullon et al.,
2006). Phosphorylation by protein kinase C induces transloca-
tion of EAACI1 from the intracellular compartment to the plasma
membrane, where it functions as an amino acid transporter.
However, GTRAP3-18 is also present mainly in the intracellular
compartment, as well as to a lesser extent at the plasma mem-
brane, via binding to EAAC1 (Lin et al., 2001). Therefore, we
examined the effects of protein kinase C activation on both
GTRAP3-18 expression and the GSH level in MeBCD-treated
CGNs. Confirming the findings of Lin et al. (2001), GTRAP3-18
in control cells was present both at the plasma membrane and in
the intracellular compartment, and colocalized with EAAC1. We
further demonstrated PMA, a protein kinase C activator, to in-
duce an increase in the cell surface EAACI level and a concomi-
tant increase in GSH contents. This result suggests protein kinase
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C to upregulate not only glutamate but also cysteine uptake by
EAACI in neurons. Moreover, the treatment of MeCD-treated
cells with PMA induced large increases in cell-surface-colocalized
EAACI and GTRAP3-18 while decreasing GSH contents. Impor-
tantly, the PMA-induced increase in GSH contents was inhibited
by the MeBCD-induced increase in plasma membrane GTRAP3-
18. This observation shows that GTRAP3-18 associated with
EAACI in the plasma membrane dominantly and negatively reg-
ulates the uptake of cysteine for GSH synthesis, and determines
intracellular GSH contents even when protein kinase C has acti-
vated EAACL.

It is possible that an inhibitory compound blocking
GTRAP3-18 would be an efficient GSH-increasing agent. Be-

Watabe et al. ® Regulation of Neuronal GSH Synthesis by GTRAP3-18

cause GSH contents in discrete brain areas are reduced in
patients with Parkinson or Alzheimer disease (Dringen and
Hirrlinger, 2003), GTRAP3-18 is a potential therapeutic target
for increasing the neuronal GSH level. The discovery of a
GTRAP3-18 inhibitory compound that increases neuronal
GSH would contribute to developing novel therapeutic strat-
egies to protect neurons in patients with neurodegenerative
disorders such as Parkinson and Alzheimer diseases.
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