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Abstract
Malignant gliomas have been shown to release glutamate, which kills surrounding brain cells,
creating room for tumor expansion. This glutamate release occurs primarily via system , a Na+-
independent cystine-glutamate exchanger. We show here, in addition, that the released glutamate
acts as an essential autocrine/paracrine signal that promotes cell invasion. Specifically, chemotactic
invasion and scrape motility assays each show dose-dependent inhibition of cell migration when
glutamate release was inhibited using either S-(4)-CPG or sulfasalazine, both potent blockers of
system . This inhibition could be overcome by the addition of exogenous glutamate (100 μmol/L)
in the continued presence of the inhibitors. Migration/invasion was also inhibited when Ca2+-
permeable α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPA-R) were
blocked using GYKI or Joro spider toxin, whereas CNQX was ineffective. Ca2+ imaging experiments
show that the released glutamate activates Ca2+-permeable AMPA-R and induces intracellular
Ca2+ oscillations that are essential for cell migration. Importantly, glioma cells release glutamate in
sufficient quantities to activate AMPA-Rs on themselves or neighboring cells, thus acting in an
autocrine and/or paracrine fashion. System  and the appropriate AMPA-R subunits are expressed
in all glioma cell lines, patient-derived glioma cells, and acute patient biopsies investigated.
Furthermore, animal studies in which human gliomas were xenographed into scid mice show that
chronic inhibition of system –mediated glutamate release leads to smaller and less invasive tumors
compared with saline-treated controls. These data suggest that glioma invasion is effectively
disrupted by inhibiting an autocrine glutamate signaling loop with a clinically approved candidate
drug, sulfasalazine, already in hand.

Introduction
The majority of primary brain tumors derive from glial cells and are collectively called gliomas.
They are among the most challenging cancers to treat and carry a poor prognosis due to their
exceptional ability to infiltrate normal brain, often along blood vessels or nerve fibers (1,2).
This feature makes complete surgical resection virtually impossible (3). Although tumor
invasion has been intensely investigated, many aspects of this biology remain poorly
understood. Previous findings from our laboratory (4) and others (5,6) implicate glutamate as
an important player in the growth and invasion of gliomas.

By binding to α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)/kainate, N-
methyl D-aspartate (NMDA), or metabotropic glutamate receptors, glutamate mediates
excitatory neurotransmission. Because sustained activation of these receptors can cause
excitotoxic neuronal cell death (7,8), [glutamate]o is tightly regulated by uptake into
nonmalignant glia through Na+-dependent transport systems of the excitatory amino acid
transporter (EAAT) family (9,10). Surprisingly, glioma cells lack functional EAAT
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transporters (11) and release glutamate rather than take it up (4). The released glutamate has
been suggested to promote tumor growth as it causes peritumoral excitotoxic neuronal cell loss
(12). This may explain the peritumoral seizures that are frequently observed in patients with
malignant gliomas (13).

Interestingly, glutamate release from glioma cells occurs as an obligatory by-product of cellular
cystine uptake via system  (4), an abundantly expressed but poorly investigated amino acid
transporter. System  is a heterodimeric protein complex consisting of a catalytic light chain
(xCT), which confers specificity, and a regulatory heavy chain (4F2hc), which localizes the
transporter in the membrane (14). This antiporter imports cystine in exchange for the release
of glutamate (15,16). Cystine, in turn, serves as a precursor for the synthesis of the reducing
agent glutathione (GSH). Pharmacologic inhibition of system  inhibits GSH production and
greatly attenuates tumor growth in vivo (17).

Glutamate seems to also play an important role in neuronal migration during brain
development. Specifically, activation of NMDA receptors in migratory granule cells induced
intracellular Ca2+ oscillations that were highly synchronous with cell movements (18). In this
study, we examine whether invading glioma cells use similar signaling mechanisms observed
in migratory neurons during development. We show that glioma cells are, indeed, stimulated
to migrate in response to glutamate. In contrast to cerebellar neurons, however, glutamate acts
on Ca2+-permeable AMPA receptors (AMPA-R). Most importantly, glutamate released from
the same or neighboring glioma cells drives the process making it an autocrine or paracrine
signal, thus increasing the ability of the glioma cell to invade.

Materials and Methods
Cell culture

Experiments were conducted using the glioma cell lines STTG-1, U251-MG, U87-MG
[glioblastoma multiforme (GBM), WHO grade 4, American Tissue Culture Collection], and
D54-MG (glioblastoma multiforme, WHO grade 4; Dr. D.D. Bigner, Duke University,
Durham, NC); and two patient-derived acute GBM cultures, passages 4 to 20, labeled GBM
50 and GBM 62. Glioma cells were maintained in DMEM/F12 (Media Prep, University of
Alabama at Birmingham Media Preparation Facility) with 7% fetal bovine serum (Aleken
Biologicals) and were supplemented with 2 mmol/L glutamine. Primary, postnatal day 0,
Sprague-Dawley rat cortical astrocytes were used as a nonglioma control at 10 to 14 days in
culture. Human fetal astrocytes (22 weeks gestation, passage 2, Cambrex Corporation) were
grown with medium provided with the cells. These cells are passed two to nine times only,
according to the instructions. Unless otherwise stated, all reagents were purchased from Sigma.
Cells were treated in all experiments with the two available reagents to inhibit system , S(4)-
CPG (refs. 4,19; Tocris) and sulfasalazine (ref. 20; Sigma).

Immunofluorescence microscopy
Glioma cells and primary cultures of rat cortical astrocytes were cultured on glass coverslips.
Cryotome sections (8 μm; Zeiss HM505E; Zeiss) of fresh frozen patient glioma tissues and
brain sections of mice were mounted on microscope slides. The patient specimen experiments
were approved by the Institutional Review Board of the University of Alabama at Birmingham
(IRB F971030027). Cells were fixed in 4% paraformaldehyde followed by incubation for 1 h
in PBS and 10% normal goat serum plus 0.1% Triton X-100. Cells were incubated overnight
with rabbit or mouse anti-4F2hc (1:200) from Santa Cruz Biotechnology (CD98); rabbit anti-
xCT (1:100; CosmoBio); guinea pig anti–GLT-1 (1:1,000; Chemicon/Millipore); glutamate
receptor subunits GluR1, GluR2, GluR3, GluR4; and NMDA subunit NR1 (1:500; Upstate
Biologicals/Millipore). After removing the primary antibodies, the cells were incubated with
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secondary IgG antibodies, and guinea pig, rabbit, or mouse Alexa 546 and Alexa 488
(Molecular Probes/Invitrogen). Cells were incubated with 4′,6-diamidino-2-phenylindole
(DAPI) and mounted onto slides with Permamount solution. Cell staining was examined on a
Zeiss Axiovert 200M microscope with a ×5, ×20, or ×40 oil objective, and images were
collected with Axiovision software (Zeiss). Exposures to each wavelength of secondary
antibody fluorescence were compared with the secondary-only control in every case.

Western blot analysis
The expression of 4F2hc, xCT, GLT-1, GluR1, GluR2, GluR3, GluR4, and NMDA subunit
NR1 in glioma cells and patient samples were assessed by standard Western blot analysis
(17). Affinity-purified anti-4F2hc antibody (1:1,000), anti–glutamate receptor antibodies
(1:500), and anti-actin antibody (1:2,000) were diluted in TBS-T supplemented with 0.5%
nonfat dry milk and 1% bovine serum albumin. Appropriate horseradish peroxidase–
conjugated goat anti-rabbit or mouse or guinea pig IgG (Amersham) diluted 1:1,000 was
applied as secondary antibodies. Blots were visualized with enhanced chemiluminescence
(ECL) and exposed on hypersensitive ECL film. Blots were stripped and then reprobed with
antibodies to GluR1, GluR2, GluR4, and NMDA subunit NR1.

Reverse transcription-PCR
Total RNAs were isolated from cell lines and brain biopsies using RNAqueous (Ambion)
according to the instructions of the manufacturer (Qiagen). For the detection of xCT, 4F2hc,
and actin RNA transcripts, OneStep reverse transcription-PCR (RT-PCR) kit was used
according to manufacturer’s instructions. The following pairs of primers were used: xCT,
GCTGGCTGGTTTTACCTC (5′ primer) and TGAAAGGACGATGCATATC (3′ primer);
4F2hc, GCTGCTGCTCTTCTGGCTC (5′ primer) and GCCAGTGGCATTCAAATAC (3′
primer); actin, CATGCCATCCTGCGTC (5′ primer) and CTCCTTCTGCATCCTGTC (3′
primer). Expected amplification product sizes were as follows: 525 bp for xCT, 726 bp for
4F2hc, and 431 bp for actin. The reverse transcription reactions were done at 50°C for 30 min
with 250 ng RNA, followed by 30 cycles of PCR amplification (20 s at 94°C, 20 s at 50°C,
and 1 min at 72°C).

Glutamate release assays: bioluminescence
The bioluminescence method was used for detection of glutamate in solution as described by
the Fosse group (21). Glioma cell supernatant was incubated and transferred to a 96-well white
cliniplate (Labsystem). The glutamate-correlated luminescence was measured by a
luminescence plate reader equipped with automatic solution pumps (LUMIstar; BMG
LabTechnologies). This method is sensitive to glutamate concentrations as low as 20 nmol/L.
We determined that all drugs, except for sulfasalazine, used in these studies did not interfere
with the bioluminescence assay at the concentration used. Glutamate standards used for
calibration were measured at both the beginning and end of each plate. [Glutamate]i was
calculated from the amount of [glutamate]i normalized to the total amount of protein and
expressed in nmol/mg protein. [Glutamate]o was either expressed as an absolute concentration
(μmol/L) or multiplied by the volume and was then normalized to cellular protein levels and
expressed in nmol/mg protein.

[3H]Glutamate release
Uptake procedures were based on previous protocols (4). L-[3H]glutamate was used as a tracer
to study high-affinity, Na+-dependent uptake and release. Cells were washed twice with uptake
solution, L-[3H]glutamate (0.4 μCi/mL) was mixed with 200 μmol/L cold glutamate and
incubated for 10 min, then washed with ice-cold uptake solutions to stop the activity and
remove excess hot and cold glutamate. Cells rested for 10 min in the presence of 200 μmol/L
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cystine before glutamate released into the supernatant was collected and counted. 3H activity
was detected in a liquid scintillation counter (Beckman Instruments). Total glutamate release
was normalized to protein content according to the Bradford method using a Bio-Rad protein
assay kit.

Invasion/migration assays
Transwell migration assays were used as an in vitro model for standard invasive migration
(22). Drugs were added to both sides of the filter 30 min after plating cells. After 6-h migration,
cells were fixed and stained with an ethanol/crystal violet solution. Cells were wiped away
from the top of transwell filters before counting cells on the bottom (i.e., those cells with nuclei
that had migrated across the filter). Cells were counted immediately after staining and stored
at 4°C in PBS. A Zeiss microscope with the ×20 objective was used with transmitted light to
capture images of the bottom of transwell filters to count cells. An investigator blinded to the
identity of the transwell filter counted cells from six random fields in each of three wells per
treatment. All counts per treatment were averaged and SE values were calculated. These
experiments were repeated thrice, data were pooled, and statistics were done within the
graphing software, Origin.

Ratiometric [Ca2+]i measurements
D54-MG or U251-MG cells were plated on 35-mm glass bottom dishes (MatTek, Inc.) at 140
× 103 per dish and cultured for 2 days. Cells were loaded in serum-free culture medium for 30
min with the ratiometric Ca2+ dye Fura-2-acetoxymethylester (5 μmol/L; TEFLABS)
reconstituted in 20% w/v pluronic acid in DMSO. Cells were rinsed with serum-free feeding
medium and allowed to rest in 7% serum-containing medium for 30 min at 37°C. The glass-
bottomed dishes were placed in an environmental chamber mounted on a Zeiss Axiovert
microscope. Cells were allowed to equilibrate in the chamber for 15 min before calcium images
were collected. Glutamate, cystine, or any inhibitors were added and allowed to equilibrate for
15 min. A new dish of sister cells was used for every application. Recordings were obtained
with a fluorescent imaging microscope (Zeiss), where cells were alternately excited at 340 and
380 nm using a monochromatic light source. Emitted light was collected at >520 nm. Images
were digitized online, and 340:380 nm ratios were obtained every 10 to 15 s.

Animal studies
D54-MG glioma cells, 2.5 × 105 in 10 μL methylcellulose, were stereotactically implanted
through a small burr hole using a 30-gauge Hamilton syringe into the cranium of a female nude
mouse as previously described (23). After 7 days, animals were randomized into three groups
of five animals each. One group received 1 mL i.p. saline injections twice daily for 3 weeks.
The two test groups received a 4 or 8 mg/mL dose of sulfasalazine in 1 mL saline twice daily
for 3 weeks. Tumor growth and animal health were monitored. Mouse brains were collected,
fixed in 4% paraformaldehyde overnight, rinsed, and placed in 30% sucrose until saturated.
Brains were stored at −80°C until cryosectioned. This experiment was repeated at least thrice.

Results
The central hypothesis of this article is that invading glioma cells use the neurotransmitter
glutamate as a signal to stimulate and coordinate tumor cell invasion. Glutamate release occurs
through a cystine-glutamate transporter (system ) and activates glutamate receptors either
on the same or adjacent cells, hence acting in either autocrine or paracrine fashion.
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Glioma cells and human biopsies express the system  cystine-glutamate transporter
In a first series of experiments, we investigated expression of glutamate transporters in glioma
cell lines, as well as glioma cells acutely derived from patients and compared the expression
with nonmalignant samples. RT-PCR, Western blot analysis, and immunocytochemistry were
used specifically to search for transcripts and proteins of the two transporter families potentially
involved in glutamate transport. These are the excitatory amino acid transporter EAAT2, also
known as GLT-1 (24), and the system  cystine-glutamate transporter (14), composed of a
catalytic (xCT) and regulatory (4F2hc) subunit. Figure 1A illustrates the presence of PCR
transcripts for both subunits of system  in several human glioma cell lines and rat astrocytes.
Only a subset of the tested glioma samples is shown in the figures, yet all investigated glioma
cell lines and acute biopsy samples showed prominent expression of xCT and 4F2hc transcripts.
The expression of the system  transporter was confirmed at the protein level by Western blot
analysis (Fig. 1B). The regulatory subunit 4F2hc was expressed prominently in all samples,
even those with low xCT expression. Importantly, both the regulatory (4F2hc) and catalytic
(xCT) subunits were prominently expressed in all five GBM patient samples investigated (Fig.
1C). As in previous studies (11), we observed an absence of expression of GLT-1 glutamate
transporters in all investigated glioma cells, yet GLT-1 is highly expressed in rat astrocytes
(25), nonmalignant brain (9), and to a lesser extent in human fetal astrocytes (Fig. 1B).

Next, we used specific antibodies to xCTand 4F2hc to examine the surface expression and
subcellular localization of the cystine-glutamate transporter in gliomas. Figure 2A and B show
representative examples of two glioma cell lines, Fig. 2C is a patient-derived cell sample, and
Fig. 2D is a patient glioma section. The images of triple-immunostained fields illustrate the
regulatory subunit alone (4F2hc) in the first panels and the catalytic subunit (xCT) in the second
panels, both shown in black and white for clarity. The third panels show merged color images
that include DAPI-labeled blue nuclei. These examples show colocalization of xCT and 4F2hc
for the two glioma cell lines and colocalization in the majority of cells in the acute patient-
derived GBM cell culture, GBM-50. Finally, prominent membrane-associated labeling for xCT
and 4F2hc is shown for an acute biopsy section GBM (Fig. 2D). Note that there is some
heterogeneity in the expression of xCT and 4F2hc in glioma cultures as seen in GBM 50 cells
(Fig. 2), which may account for varying protein expression in the Western blot analysis. Taken
together, these data indicate that glioma cells and glioma biopsy sections prominently express
the two subunits that compose the system  transporter.

Glioma cells release glutamate via system 
To assess the functional expression of system  transporters and to ascertain its possible
involvement in glutamate release from glioma cells, we used a combination of radiotracer
release assays and enzymatic detection of extracellular glutamate. We took advantage of the
fact that system  function is Na+ independent and inhibited by sulfasalazine (20) and S-(4)-
CPG (4,19). Figure 3A shows a direct comparison of glutamate release among two glioma cell
lines, two patient-derived cell samples, and primary cortical rat astrocytes as determined by
glutamate bioluminescence. All glioma cells released glutamate at ~100 to 300 nmol/mg
protein over a 4-h time period. As expected for a Na+-independent transport system, this
glutamate release was not affected by removal of extracellular Na+ (data not shown).

In comparison with the glioma cells shown in Fig. 2, where both xCT and 4F2hc are shown
on the surface of the cells, nonmalignant astrocytes consistently expressed 4F2hc in a
perinuclear region (Fig. 3B) that was shown to be Golgi localization by counterstaining with
GP130, a Golgi-specific antibody (data not shown). This deficiency in membrane localization
of system  in astrocytes explains a lack of glutamate release by this system (Fig. 3A).
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We also measured glutamate release in response to sulfasalazine, an inhibitor of system  in
glioma cell lines by [3H]glutamate release. Sulfasalazine inhibited glutamate release in a dose-
dependent manner as illustrated in Fig. 3C. Similar data were obtained with S-(4)-CPG (data
not shown). Furthermore, inhibition of system  by sulfasalazine and S-(4)-CPG (both at 250
μmol/L) decreased [35S]cystine uptake by 60% in gliomas, but was without effect on astrocytic
cystine uptake (Supplementary Fig. S1). This is not surprising, as normal astrocytes take up
the monomeric cysteine as a precursor for glutathione synthesis through Na+-dependent
transporters, most likely GLT-1 (26). These data clearly show that glioma cells robustly release
glutamate through the sulfasalazine-sensitive system  transporter.

Glutamate release through system  causes intracellular Ca2+ oscillations
Because glutamate release through system  must be coupled to an equimolar uptake of
cystine, we should be able to drive glutamate release with increasing extracellular cystine
concentrations. This is illustrated in Fig. 4A, giving us the experimental tool to selectively
activate glutamate release from gliomas using a physiologic stimulus, namely cystine. We
hypothesized that glutamate release, in turn, may activate glutamate receptors (27), causing
changes in intracellular Ca2+. To examine this, glioma cells were loaded with the ratiometric
Ca2+ dye FURA2-AM (Fig. 4B) and imaged over 1 to 2 h. Under these conditions, application
of 100 μmol/L cystine (Fig. 4C) caused Ca2+ oscillations with a periodicity of ~3 min in 19.5
± 3.17% of cells and representative responses are shown in Fig. 4C. However, when cystine-
glutamate exchange was inhibited with either 250 μmol/L sulfasalazine or S-(4)-CPG in the
continued presence of cystine, these oscillations disappeared (2.04 ± 1.27% and 0.0%,
respectively, in the total number of cells examined). These experiments suggest that glutamate
release was indeed due to the activity of cystine-glutamate exchange. Interestingly, Ca2+

oscillations of the magnitude and frequency observed here are almost identical to those
previously seen in migratory cerebellar granule cells where they correlated absolutely with the
ability of the cells to migrate (18). Therefore, we next sought to examine whether glutamate
release via system  may be functionally involved in glioma cell migration.

Glutamate release promotes glioma invasion/migration
To mimic the spatial constraints that would be encountered by a glioma cell invading the brain,
we used transwell migration/invasion assays. These have the advantage of examining drug
effects in a highly reproducible manner. Cells isolated from a patient biospsy (GBM 62) were
allowed to migrate 6 h before being analyzed. Cumulative data from at least three separate
experiments are shown in the first part of Fig. 5A, indicating the invasion effects of control,
glutamate alone, sulfasalazine, and sulfasalazine plus glutamate. Inhibition of system  with
250 μmol/L sulfasalazine consistently reduced Transwell migration by 40% to 50% in every
glioma cell line investigated (Supplementary Fig. S3). Importantly, this inhibition by
sulfasalazine was overcome by adding 1 μmol/L exogenous glutamate in the presence of the
inhibitor. Glutamate alone caused an insignificant increase in invasion, indicating that the
normal glutamate accumulation (4) of glioma cells was sufficient for maximal receptor
activation. Similar results were obtained when system  was inhibited using 250 μmol/L S-
(4)-CPG (not shown).

Ca2+-permeable AMPA-Rs mediate glutamate-induced Ca2+ oscillations and migration in
human glioma cells

We next sought to identify the target receptor through which glutamate acts to enhance
migration. We therefore evaluated the subunit expression of ionotropic glutamate receptors in
glioma cells by Western blot (Fig. 5B). All glioma lines and patient-derived gliomas (GBM
62) lacked the NR1 subunit, which is a required subunit for NMDA receptors. However, all of
the glioma cells examined expressed the AMPA-R subunit GluR1, in combination with either
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GluR3 or GluR4, but consistently lacked the GluR2 subunit. Interestingly, most neuronal
AMPA-Rs contain the GluR2 subunit, which prevents calcium permeation through the channel
pore (28). Early in development, GluR2 is absent in some neuronal glutamatergic receptors
(29), allowing Ca2+ to permeate the channel. The lack of GluR2 subunit in glioma cells suggests
that they express similar Ca2+-permeable AMPA-Rs. As such, Western blot analysis (Fig.
5B) suggests that the main ionotropic glutamate receptor expressed by glioma cells is a specific
variety of AMPA-R that is permeable to Ca2+. This finding was confirmed by
immunocytochemistry (not shown) demonstrating the same expression patterns of glutamate
receptors.

To further show that the above effects of glutamate on glioma invasion were mediated by
Ca2+-permeable AMPA-Rs, we studied glioma invasion in the presence and absence of specific
inhibitors of ionotropic glutamate receptors. Figure 5A, the second set of columns, summarizes
pooled data for the patient-derived glioma cells (GBM 62) showing a ~60% reduction of cell
migration in the presence of either 100 μmol/L GYKI, a broad-spectrum AMPA-R inhibitor,
or 1 μmol/L Joro spider toxin, a more specific blocker of the Ca2+-permeable AMPA-R (30).
As expected, this noncompetitive inhibition was not rescued with the exogenous addition of
glutamate (not shown). Consistent with the Western blot data, both 100 μmol/L NMDA and
kainate, agonists of NMDA receptor (NMDA-R) and kainate receptor, respectively, were
ineffective in enhancing invasion. These data are consistent with the lack of protein expression
of the NR1 subunit in the glioma cell line as determined by the above Western blot analysis.
Similarly, CNQX, an antagonist to the kainate/AMPA-R, which is not permeable to Ca2+, had
no inhibitory effect on invasion. Taken together, these data suggest that activation of Ca2+-
permeable AMPA-Rs by glutamate was responsible for the observed enhancement of glioma
invasion. Indeed, this evidence supports the postulated model whereby glioma cells release
glutamate via system , which then acts on AMPA-R on the same cell (autocrine) and/or on
neighboring cells (paracrine) to enhance migration.

We examined whether the observed Ca2+ oscillations in response to exogenous and
accumulated glutamate were due to Ca2+-permeable AMPA-R. Similar to Fig. 4C, where 100
μmol/L cystine was used to induce calcium oscillations, exogenous glutamate showed identical
Ca2+ oscillations in 21 ± 2.07% of glioma cells (Fig. 5C). These glutamate-induced Ca2+

oscillations were completely inhibited by either 100 μmol/L GYKI or 1 μmol/L Joro spider
toxin (Fig. 5C), both blockers of Ca2+-permeable AMPA-Rs, suggesting that Ca2+ increases
were caused by glutamate activation of the Ca2+-permeable AMPA-Rs (1.57 ± 1.57% and 1.27
± 1.27%, respectively). In addition, oscillations did not occur without extracellular Ca2+ nor
in the presence of calcium chelators (i.e., BAPTA; data not shown), confirming the source of
calcium is external rather than internal. None of these cells appeared to be proliferating or
undergoing cell death. Thus far, the above data are indicative of a system in which extracellular
glutamate accumulation through system  act via Ca2+-permeable AMPA-Rs to both cause
Ca2+ oscillations and enhance migration.

Tumor invasion, in vivo, is inhibited by sulfasalazine
To determine if these in vitro assays have any bearing on tumor invasion in vivo, we used a
frequently used mouse glioma model in which D54-MG cells were xenografted into the
cerebrum of scid mice as described in our previous studies(17). We compared a total of 15
animals, in three separate experiments, in each treatment. Each of the two groups was injected
twice daily i.p. with 4 mg/mL sulfasalazine or saline for the control animals. Representative
×0.75 magnification coronal brain sections are shown in Fig. 6A. Multiple tumors of varying
sizes were seen in saline-treated mice at the end of 30 to 45 days posttumor injection (Fig.
6A, first column), whereas tumors in the sulfasalazine-treated mice had smaller tumors, no
satellite tumors, and a clear demarcation of the tumor boundary as seen in Fig. 6A (second
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column). Control animals consistently showed large (average 5.0 mm, ranging from 2 to 8 mm)
and highly invasive tumors with satellite tumors at distant sites. Microscopically, invading
cells could be identified at the tumor boundaries of the normal brain by DAPI labeling where
each labeled spot represent the nucleus of a single cell (×5 images in Fig. 6B). Multiple
pathways of invading cells are readily visible in Fig. 6B (left). By comparison, sulfasalazine-
treated animals showed smaller tumors overall (average 2.57-mm diameter ranging from <1
to 6 mm) and few, if any, satellite tumors. The tumor boundaries were well demarcated without
evidence for cellular invasion (Fig. 6B, right). To highlight the invasiveness further, we stained
consecutive sections with antibodies to GFAP and GLT-1. GFAP prominently labeled
astrocytes in normal brain, which also expressed GLT-1. GLT-1 is absent in the tumors (Fig.
6C) but creates a sharp border at the tumor in mice brains (GLT-1–positive astrocytes, Fig.
6C, red). To further show that the tumor cells in sulfasalazine-treated animals still exhibits
high levels of system  expression, we show labeling for both transporter subunits stained in
a representative brain section from a sulfasalazine-treated mice in Fig. 6D. Taken together,
these animal experiments support the in vitro data above, suggesting that, indeed, tumor cell
invasion is compromised in vivo when glutamate release via system  is inhibited.

Discussion
In this study, we present evidence that glioma cells use glutamate as an autocrine or paracrine
signal to promote cell migration/invasion (Supplementary Fig. S4). This model is supported
by the finding that glioma cells release glutamate that both induces [Ca2+]i oscillations and
enhances glioma migration via activation of Ca2+-permeable AMPA-Rs. Furthermore, in
vivo treatment of scid mice with sulfasalazine significantly reduced tumor invasion.

In past studies, we (4) found an unusual release of glutamate from gliomas that has been
confirmed by others (2,5). We initially proposed that the main purpose for such release is to
inflict excitotoxic injury to vacate room for tumor expansion. This assumption was supported
by the finding that C6 cell lines deficient in glutamate release fail to grow solid tumors in
vivo (2). Additionally, pharmacologic inhibition of system  slows tumor growth and extends
the life of tumor-bearing animals (17). The findings in this study now suggest a second role
for glutamate: Glutamate acts as an important promoter for cell migration; that is, as a
“motogen.” Such a role for glutamate in cell migration has been previously described for
immature neurons in the cerebellum but had not been envisioned as a mechanism for cancer
metastasis. Specifically, granule cells migrate from the external granular layer to their final
destination in the internal granular layer, and, as they move, they display spontaneous Ca2+

oscillations that are highly synchronous with cell movement (18). Although the role of Ca2+

in regulating cell migration is not fully understood, it is without question that [Ca2+]i changes
are a prerequisite for movement of cells or their processes to occur. One likely way in which
[Ca2+]i increases facilitate cell movement pertains to their role in regulating actin-myosin
contractions (31) and focal adhesion sites (32). As cells move, they must form new attachments
at their leading edge while detaching on the trailing end. In U-87 glioma cells, calcium
oscillations indeed trigger the disassembly of focal adhesions (33). Clearly, the molecular
pathways that transduce Ca2+ oscillations to cell movement warrant further study because this
phenomenon appears universally and intrinsically associated with cell movement.

In a previous study, we showed extracellular glutamate concentration of up to 400 μmol/L
(4). In the proposed autocrine/paracrine signaling mode, glutamate may become an important
motogen and chemoattractant for glioma cells as they invade. Glioma cells often migrate along
blood vessels, where cells display chain migration; that is, cells follow a single leading cell.
In vivo, a well-known characteristic of gliomas is a breakdown of the blood-brain barrier.
Hence, there is a disruption of the tight junctions formed by brain endothelial cells. A recent
study now shows that glutamate, acting through both NMDA-Rs and AMPA-Rs on endothelial
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cells, causes a down-regulation of occludins and, in turn, a loss of barrier function of the
underlying endothelial cells (34). Quite possibly, glioma cells that migrate along vessels and
release glutamate could induce such a loss of endothelial tight junctions. This would allow
them to gain access to nutrients and amino acids enriched in plasma. This may indeed be one
reason these tumor cells seek out vessels as they migrate.

Our imaging experiments and amino acid transport studies initially evaluated cultured glioma
cells and cells isolated from acute patient biopsies. These consistently showed an up-regulation
of the system  transporter along with expression of subunits that compose the Ca2+-permeable
AMPA-Rs and suggest that the observed mechanisms are not restricted to cultured cells, but
are also operant in vivo. To support this conclusion, we used a mouse glioma model in which
human gliomas were xenografted into scid mice. Control mice showed tumors that were
diffusely invasive at the tumor margins and consistently produced satellite tumors. However,
when treated with the system  inhibitor sulfasalazine by i.p. injection, tumors failed to
establish satellites and microscopically did not show diffuse invasion observed in controls.
These studies provide proof-of-principle evidence for the utility of sulfasalazine, a Food and
Drug Administration–approved drug, to inhibit glioma invasion in vivo and offer a well-defined
and possibly short path to clinical application.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Subunits of system  are expressed in glioma cell lines and patient tumor samples. A, RT-
PCR indicated that transcripts of catalytic subunit xCT and the regulatory subunit 4F2hc of
system  are expressed in primary cultures of rat astrocytes and all glioma cell lines tested;
four lines are shown. B, protein expression of xCT and 4F2hc are shown in human astrocytes
and five human glioma cell lines. This is compared with the glutamate transporter GLT-1,
expressed robustly in mature astrocytes but less so in human fetal astrocytes (immature). C,
protein expression of system  subunits in five GBM patient tissues are shown from
individuals aged 51 to 72 y. β-Actin is shown as a control for protein loading efficiency. The
approximate molecular weights of the proteins are indicated to the right as each blot image
was cropped for clarity.
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Figure 2.
Specificity of system  subunits show antibody binding in the membranes of glioma cells.
A, sister coverslips of glioma cell lines were stained with mouse anti-4F2hc and rabbit anti-
xCT. Both fluorescence channels are shown separately in black and white until merged in the
third color panels. A to D, merged images: red, xCT; green, 4F2hc; blue, DAPI, a nuclear stain.
The GBM-stained patient section is shown in D, where xCT is green and 4F2hc is red. Merged
images were taken at the exposure time appropriate for each wavelength. All images were taken
at ×40 magnification.

Lyons et al. Page 13

Cancer Res. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Glutamate release by glioma cells is inhibited by sulfasalazine in a dose-dependent manner.
A, glutamate released by four glioma cell lines were compared with primary cultured astrocytes
using an enzyme-based bioluminescent signal normalized to protein. B, images of primary
cultures of rat astrocytes show a control (left) and positive staining for 4F2hc on the right,
labeling only the Golgi, in green. DAPI-labeled nuclei and phalloidin (a cytoskeleton protein
conjugated with Alexa 546) are included. System  is nonfunctional in astrocyte cultures. C,
glutamate release is shown in the presence of increasing concentrations of sulfasalazine using
[3H]glutamate-loaded glioma cell lines to measure release. Columns, percent control; bars, SE.
All experiments were done with at least n = 3.
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Figure 4.
Glutamate released through system  caused glioma Ca2+ oscillations. A, increasing amounts
of the cystine were added to three glioma cell lines, thus inducing the release of glutamate in
a dose-dependent manner as determined by the highly sensitive enzyme-based bioluminescent
assay. B, FURA2-AM–loaded D54-MG cells are shown in a representative field before
measuring calcium oscillations at ×40 magnification. C, three representative cells from three
coverslips were imaged every 15 s in the presence of cystine or with cystine but in the presence
of one of the two system  inhibitors, sulfasalazine (SAS) or S-(4)-CPG.
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Figure 5.
Glutamate induces AMPA-R–dependent calcium oscillations in glioma cells. A, the invasion
results of patient-derived glioma cells (GBM 62) are shown in the presence of sulfasalazine
(250 μmol/L SAS) and SAS + glutamate (100 μmol/L). Using sister wells, in the second half
of A, glioma cells were allowed to invade the filter pores in the presence of the AMPA-R agonist
AMPA (100 μmol/L); AMPA-R antagonists GYKI (100 μmol/L) and Joro spider toxin
(JSTx; 1 μmol/L); NMDA-R agonist NMDA (100 μmol/L); and AMPA/KA-R antagonist,
CNQX (100 μmol/L). Each experiment had three similarly treated inserts where six fields per
insert were imaged and data averaged. This was repeated thrice. Bars, SE * P ≤ 0.05. B, glioma
cells express Ca2+-permeable AMPA-Rs as shown by Western blot analysis for four glioma
cell lines with whole rat brain lysates as a positive control. Glutamate subunits of AMPA-Rs
were probed with antibodies to GluR1-4. β-Actin is shown as a control for protein loading
efficiency. C, representative traces from three glioma cells loaded with FURA2-AM showed
oscillatory changes in [Ca2+]i in response to 100 μmol/L glutamate. Single representative traces
are shown following simultaneous application of 100 μmol/L glutamate and the AMPA-R
blockers GYKI (100 μmol/L) and Joro spider toxin showing that [Ca2+]i oscillations stimulated
by glutamate are inhibited. Each experiment was repeated three independent times.
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Figure 6.
Glioma invasion of tumor growth in the mouse glioma model is inhibited by sulfasalazine.
A, glioma xenographed mice brains were sectioned for H&E staining to identify tumor regions.
Left, tumor formation in two saline-treated mice. Right, two SAS-treated brains. Top row, tumor
formation at 25 d posttumor injection; bottom row, tumor formation at 21 d posttumor injection.
B, fluorescent images of DAPI-labeled nuclei show densely populated tumor formation in brain
sections of saline and SAS-treated mice. C, merged GLT-1–, GFAP-, and DAPI-stained brain
slice shows astrocytes lining the tumor perimeter. D, merged system  staining in tumor is
shown in sulfasalazine-treated mouse brain section.
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