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Abstract

Children and adults with the most aggressive form of brain cancer, malignant gliomas or glioblastoma, often develop
cerebral edema as a life-threatening complication. This complication is routinely treated with dexamethasone (DEXA), a
steroidal anti-inflammatory drug with pleiotropic action profile. Here we show that dexamethasone reduces murine and
rodent glioma tumor growth in a concentration-dependent manner. Low concentrations of DEXA are already capable of
inhibiting glioma cell proliferation and at higher levels induce cell death. Further, the expression of the glutamate antiporter
xCT (system X. ; SLC7a11) and VEGFA is up-regulated after DEXA treatment indicating early cellular stress responses.
However, in human gliomas DEXA exerts differential cytotoxic effects, with some human glioma cells (U251, T98G) resistant
to DEXA, a finding corroborated by clinical data of dexamethasone non-responders. Moreover, DEXA-resistant gliomas did
not show any xCT alterations, indicating that these gene expressions are associated with DEXA-induced cellular stress.
Hence, siRNA-mediated xCT knockdown in glioma cells increased the susceptibility to DEXA. Interestingly, cell viability of
primary human astrocytes and primary rodent neurons is not affected by DEXA. We further tested the pharmacological
effects of DEXA on brain tissue and showed that DEXA reduces tumor-induced disturbances of the microenvironment such
as neuronal cell death and tumor-induced angiogenesis. In conclusion, we demonstrate that DEXA inhibits glioma cell
growth in a concentration and species-dependent manner. Further, DEXA executes neuroprotective effects in brains and
reduces tumor-induced angiogenesis. Thus, our investigations reveal that DEXA acts pleiotropically and impacts tumor
growth, tumor vasculature and tumor-associated brain damage.
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Introduction

Gliomas are one of the leading causes in brain tumor-related
deaths in children and humans [1] [2]. Among primary brain
tumors, the most aggressive and frequent ones are malignant
gliomas, i.e. high grade gliomas including malignant gliomas
WHO grade III and glioblastomas, WHO grade IV. These tumors
have a very poor prognosis despite of state-of-the-art multimodal
treatments, including surgical resection, irradiation and chemo-
therapy [3]. Patients with glioblastoma have an average survival
time of about 14 months [1] [4] [5]. Malignant gliomas are
hypervascularized tumors which frequently come along with
vasogenic and cytotoxic brain edema as a severe and life-
threatening complication [6] [7]. Tumor-induced brain edema is
caused by two interdependent mechanisms: Brain tumors induce
abnormal angiogenesis with impaired blood-brain barrier allow-
ing plasma to enter the interstitial space referred to as vasogenic
edema [8]. Secondly, brain tumors induce neuronal cell death and
neurodegeneration by which cytotoxic brain edema can be formed
inducing neurological deficits and intractable seizures [6] [9].
Notably, one major cause of morbidity and death in brain tumors
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is the development of uncontrolled brain edema due to cerebral
herniation in more than 60%
glioblastoma [10] [11]. Thus, inhibition of brain edema is a vital
and important strategy in fighting brain tumor-associated comor-
bidities. Up to now, patients with brain tumors are most
commonly treated with dexamethasone [12], a synthetic gluco-
corticoid with potent anti-inflammatory activity. Since the
introduction of dexamethasone in 1962, it has become a standard
treatment in brain tumor-associated cerebral edema for more than
four decades [13]. Approximately 70% of malignant brain tumor
patients receive dexamethasone treatment while they undergo
multimodal radio-chemotherapy and a significant decrease in
deaths has been related to this treatment [14]. However, although
this drug has been routinely used for decades in the management
of cerebral edema, its exact mechanism of action on the tumor
microenvironment is not fully uncovered. It is thought that
dexamethasone blocks inflammation pathways by acting on
glucocorticoid receptors, thus resulting in reduction of vessel
permeability of tumor capillaries and in increased extracellular
fluids clearance. Despite its usefulness, dexamethasone can
produce many unintended serious side effects, including Cushing’s

of patients suffering from
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syndrome, myopathy and opportunistic infections [15] [16].
Moreover, recent studies reported that dexamethasone can
potentially interfere with current standard anticancer treatments
and lower their efficacies. For instance, it has been shown that
dexamethasone protects glioma cells from the chemotherapeutic
agent temozolomide [17] [18], reduces the bystander effect of the
thymidine kinase/ganciclovir system in suicide-gene therapy [19]
and inhibits the antitumor effect of interleukin-4 [20]. Overall,
these findings promoted investigations of alternative edema
controlling agents. Recent data showed that the glutamate/
cysteine antiporter xC'T is involved in brain tumor-induced edema
[6] [7]. Also, anti-edema effects of VEGF-targeted therapeutic
approaches have been established in preclinical models and phase
I-II studies [10] [21].

In the present study we investigated the role of dexamethasone
in different established glioma cell lines and its impact on the
brain-tumor microenvironment. We show that dexamethasone
decreases tumor-induced neuronal damage and reduces glioma
cell growth in a concentration-dependent manner. However, the
growth inhibitory effect of dexamethasone on gliomas is to some
extent differential depending on whether the species is rodent,
murine or human. DEXA inhibits rodent and murine glioma cell
growth already at low concentration and does not affect the
viability of primary astrocyte growth nor primary neurons.
Furthermore, DEXA induces xCT and VEGFA expression in
murine and rodent gliomas as early responses of cell stress. In the
peritumoral brain area, DEXA treatment normalized vessel
morphology and vessel density.

Materials and Methods

Cell lines

The rat glioma cell lines 98 and C6, mouse glioma cell line
GL261 and the human glioma U87, U251 and T98G cells are
provided by LGC Standards-ATTC GmbH (Wesel, Germany).
All cells were cultured in T75- cell culture flask containing DMEM
medium (Biochrom, Berlin, Germany) including 10% fetal bovine
serum (Biochrom, Berlin, Germany), 1% Penicillin/Streptomycin
(Biochrom) and 1% Glutamax (Gibco/Invitrogen, California,
USA). Cells were passaged at approximately 80% confluence by
adding trypsin after one wash step with PBS. Afterwards, cells
were incubated for 5 min, then centrifuged at 900 rpm for 5 min.
Transfection was performed with the Rothifect/lipofectamine
method according to the manufacture’s manual (Carl Roth,
Karlsruhe, Germany). After transfection cells were cultured under
constant selection pressure with geneticin sulfate 418 (Sigma,
St.Louis, USA).

Expression vectors and knock down (KD) vector cloning

Reverse transcription-polymerase chain reaction was applied for
full length cloning of xC'T' from rat mRINA samples. For sequence
alignments and homology searches of xC'T we utilized the www.
ncbinlm.nih.gov database and A-Plasmid editor software (ApE;
MW Davis, Utah, USA). The sequences of rat xC'T are deposited
at the NCBI database (GenBank accession no. NM001107673).
For construct cloning we cloned fragments by PCR and inserted
the resulting amplicons into the pEGFP (Takara, Heidelberg,
Germany) vector. According to the critera of Ui-Tei et al. [22]
three 19-mer short interfering RNAs were chosen for RNA
interference with rat xCT transcripts. Cloning of the synthetic
oligonucleotids into the pSuperGFP vector (pS-GFP; OligoEngine)
was performed by digesting the empty vector with EcoR1 and
Xhol according to the manufacturer’s instruction. Cells were
transfected at low density (<20.000 cells/cm?) and expression
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analysis was performed according to the protocol described by
Savaskan et al. [6].

Vascular organotypic brain slice cultures (VOGIM) and
angiogenesis analysis

Brain slice cultures were conducted with five days old Wistar rat
pups. Brains were prepared and maintained as previously
described [23]. Briefly, animals were sacrificed by quick head
dissection and brains were removed and kept under ice-cold
conditions. Frontal lobe and cerebellum were dissected of the
hemispheres. The remaining brain was cut into 350 pm thick
horizontal slices using a vibratome (Leica VI 1000S, Bensheim,
Germany). The brain slices were thereafter transferred onto
culture plate insert membrane dishes with a pore size of 0.4 um
(GreinerBioOne, Frickenhausen, Germany) and subsequently
transferred into six-well culture dishes (GreinerBioOne) containing
1.2 ml culture medium (MEM-HBSS, 2:1, 25% normal horse
serum, 2% L-glutamine, 2.64 or 14.3 mg/ml glucose, 100 U/ml
penicillin, 0.1 mg/ml streptomycin, 10 pg/ml insulin—transferrin—
sodium selenite supplement and 0.8 pg/ml vitamin C). The slices
were cultured in humidified atmosphere (35°C, 5% CO2). After
24 hs, the 6-well plates were washed with 1.2 ml PBS and a full
culture medium exchange was performed and DEXA treatment
was started. At the second day after preparation, 0.1 pl of the cell-
medium-suspension was placed onto the cortex of the slice (10,000
F98 peGFP cells) by using a 1-pl-Hamilton-syringe. The medium
was exchanged after implantation and from that time forward
every other day over a course of 7 days, propidium iodide (PI)
staining was performed at the same time of medium change,
incubating slices with 1 pg/ml propidium iodide (PI) (Sigma) for
15-20 min. Afterwards slices were washed in 6-well plates with
PBS. After washing with PBS, complete medium exchange
followed. DEXA treatment was performed after complete medium
change, 1.2 pul 1 mg/ml and 2 mg/ml DEXA were added to the
new medium to obtain the final concentration of 100 pM and
200 uM: At the 7" day of culture, all slices were fixed in
immunofixative solution (containing of 4% formaldehyde and
picric acid) and stained with antibodies directed against laminin
(1:250) (Sigma) or CD105 (1:200) (Abcam) for vessel analysis.
Vessel density quantification was performed by the overlay grid
method [24] as described. In brief, we designed 80 x80 pm grids
to cover the entire vessel images and calculated the number of
events in which single vessels crossed the grids.

Cell death analysis

Cell death in living brain slices was evaluated by measuring PI
signal intensity processed with the image ] software (NIH, USA).
For tumor-implanted slices, cell death was measured within the
tumor region (identified by light microscopy or its GFP signal).
Cell death in the peritumoral area was identified by the PI signal
in the surrounding area of the tumor core. As control area we
chose cortical regions distant to the tumor core and peritumoral
region. For non-tumor implanted native slices, total cell death was
evaluated by measuring the Pl-signal of the whole cortical slice
region.

Primary rodent astrocyte and neuronal cultures

Primary rat astrocytes were isolated from rat whole brains aged
P4-P6 without cerebellum. (Charles River Laboratories, Wilming-
ton, MA). Brains relieved of meninges were placed in ice-cold
HBSS buffer without serum. Then, tissue was further gently
triturated with fire-polished Pasteur pipettes of diminishing tip
diameter until tissue was uniform homogenized. Minced brain
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tissue was trypsinized with 0.25% trypsin for 10 min. After
resuspending and centrifugation, astrocytes were resuspended in
full DMEM medium (Biochrom, Berlin, Germany) supplemented
with 10% fetal calf serum and penicillin/streptomycin (Biochrom).
From the following day on astrocyte culture flasks were
continuously agitated to separate detaching microglia. For
determination purity, astrocytes were plated on non-covered glass
slides and after 48 h culturing cells were fixed in 4% formalin for
15 min and processed for glial fibrillic acidic protein immuno-
staining (Dako, Hamburg, Germany). GFAP positive cells
indicated a purity of rat astrocytes above 90%. Up to passage
#7 astrocytes were used for DEXA experiments.

For the preparation of hippocampal neuronal cultures we used
freshly isolated postnatal Wistar rat brains [25]. Hippocampi were
removed from newborn rat brains in ice cold Hank’s salt solution.
After trypsin digestion neurons were triturated mechanically and
plated in MEM medium, supplemented with 10% fetal calf serum
and 2% B27 supplement (all from Life Technologies-Invitrogen,
Karlsruhe, Germany). Treatment of neurons was started after 20
days in vitro (DIV).

Primary human astrocytes

Primary human astrocytes were freshly isolated from optic nerve
donors. For the establishment of astrocyte cultures, optic nerve
head (ONH) tissue was dissected into six explants, placed into
laminin-coated 6-well culture plates (BD Biosciences; Heidelberg,
Germany), capped with a coverslip, and maintained in 2 ml
astrocyte growth medium (AGM), DMEM/Ham’s F12 with 10%
fetal bovine serum, 1% antibiotic-antimycotic mix, Invitrogen;
Karlsruhe, Germany), supplemented with 5 ng/ml bFGF and
5 ng/ml PDGF-AA (PAN-Biotech, Aidenbach, Germany) in a
95% air — 5% CO2 humidified atmosphere at 37°C. At the first
passage, ONH astrocytes were separated from other cell types by
selective adhesion to the growth surface as previously described
[26]. In brief, ONH cells were trypsinized and plated in serum-free
AGM for 24 h, other cell populations failed to attach in serum-free
conditions and were removed with medium change. After
resuspending and centrifugation, astrocytes were resuspended in
full DMEM medium (Biochrom, Berlin, Germany) supplemented
with 10% fetal calf serum and penicillin/streptomycin (Biochrom).
Glial fibrillic acidic protein immunostaining (Dako, Hamburg,
Germany) was used to facilitate the determination of astrocyte
purity. Human astrocyte cultures revealed more than 90% GFAP
immunopositive cells.

Ethics Statement

Studies with human tissue wer conducted in compliance with
the Helsinki Declaration and approved by the Ethics Committee
of the Friedrich-Alexander-University of Erlangen-Nuremberg. All
patients gave written informed consent to participate in the study.

Animal killing was performed in accordance with the German
Protection of Animals Act 84 paragraph one and three. The
announcement of rat and mouse killing was approved by the
designee for animal protection of the University of Erlangen-
Nuremberg (T'S-7/12).

Cell proliferation, apoptosis and cell cycle analysis

Cell proliferation was measured by using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium-bromide (MTT) assay and propi-
dium iodid (PI) staining. Cells were plated at 3000 cells/cm? in 96-
well plate and incubated at standard conditions. After 12 hs, the
cells were treated with DEXA. At measure point (24 or 48 hs after
treatment) cells were incubated with MTT solution (Roth,
Karlsruhe, Germany) (5 mg/ml) or PI (Sigma) (3 pg/ml), at
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37°C, 5%CO,. After 4 hs MTT incubation or 10 min PI
incubation, pictures were taken with Olympus X71 microscope
(Olympus, Hamburg, Germany) with 10x objective. Exposure
time was equal in different groups. Images were taken with cell- I
software (Olympus). Cells with 4 hs MTT incubation were then
lysed with 100 pl Isopropanol+0.1 N HCI and OD value was
measured with SL'T spectra (Crailsheim, Germany) using Tecan x
Fluor4 software. Apoptosis assays were performed with modifica-
tions as described in Halstead et al. (2006). Cells were plated at
100,000 cells/well in 6-well plates and incubated with DEXA for 2
days. Cells were trypsinized and fixed with 4% PFA on ice for
10 min, then spinned down at 900 rpm for 5 min. Cells were
stained with HOECHST 33342 (Invitrogen, SIGMA) [c =16 pg/
ml] for 10 min in the dark. Suspension was added to an objective
glass and mounted on cover slips Pictures were taken at X200 with
Olympus x71. Nuclei fragmentation was counted and set related
to total number of cells on image. For cell cycle analysis, we used
the Nicoletti assay. In brief, cells were treated with DEXA in 6-
well plates, after 48 hs treatment, cells were trypsinized and
collected together with their supernatant, then spun down and
resuspended in PBS. Cells were washed one more time and cells
were collected by centrifugation. The supernatant was discarded
and the pellets were resuspended in PI-LB (0.1% sodium
citrate+0.1% Triton X-100+100 pg/ml RNAse+50 pg/ml propi-
dium iodide). Cells were agitated gently and analysis was
performed by flow cytometry (BD Biosciences, FACSCanto 1I
Heidelberg, Germany) within the next 2 hs.

RNA isolation and gRT-PCR experiments

Cells were scratched and collected in a 1.5 eppendorf tube after
6 hs of DEXA treatment in 6-well plates, followed by suspension
in 200 pl PBS. Total RNA out of cells was extracted using High
Pure RNA Isolation Kit (Roche, Mannheim, Germany) following
the manual’s description. RNA concentration was quantified by
NanoVue Plus Spectrophotometer (GE Healthcare, UK). cDNA
synthesis was performed with SuperScript III Reverse Transcrip-
tase (Invitrogen). qRT-PCR was performed with SYBR Green
PCR master mix (Qiagen). The oligos used in this study are: Rat
xCT forward primer: TGCTGGCTTTTGTTCGAGTCT; Rat
xCT reverse primer: GCAGTAGCTCCAGGGCGTA. Human
xCT forward primer: CCCAGATATGCATCGTCCTT; Human
xCT  reverse  primer: GCAACCATGAAGAGGCATGT.
GAPDH forward primer: TGCACCACCAACTGCTTAGC;
GAPDH reverse primer: GGCATGGACTGTGGTCATGA.
Beta-actin forward primer: GCTCCTCCTGAGCGCAAG; Be-
ta-actin reverse primer: CATCTGCTGGAAGGTGGACA. Real
time cycling parameters: Initial activation step (95°C, 15 min),
cycling step (denaturation 94°C, 15 s; annealing at 60°C, 30 s; and
finally extension for 72°C, 30 s x40 cycles), followed by a melting
curve analysis to confirm specificity of the PCR. The Ct value was
corrected by Ct reading of corresponding GAPDH or Beta-actin
controls. Data from three determinations (means = SEM) are
expressed as relative expression level. The reaction was performed
using Light Cycler 480 (Roche). The specificity of the PCR
reaction was confirmed by agarose gel electrophoresis.

Protein isolation and immunoblotting

Cells were maintained under standard conditions. For protein
extraction samples were lysed with NP 40 buffer containing a
protease inhibitor cocktail (Roche, Basel, Switzerland) and
homogenized by ultrasound (Bandelin Sonoplus, at 67%). After
20 min on ice, samples were centrifuged at 8000 rpm for 8 min.
Supernatants were measured with NanoVue Plus Spectrophotom-
eter (GE Healthcare, UK). Samples were mixed with loading
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Figure 1. Dexamethasone promotes glioma cell death and growth inhibition. Different rodent and murine glioma cells (F98; RG2 and
GL261) were treated with various concentrations of dexamethasone (DEXA) and proliferation was determined. (A), DEXA treatment of F98 glioma
cells for 24 hs (left) and 48 hs (right). After the indicated time points, cell growth was determined. (B), DEXA treatment for duration of 48 hs in rodent
RG2 glioma cells (left) and in murine GL261 glioma cells (right). Note, that low DEXA levels from 1 pg/ml onwards already reduce glioma proliferation
in RG2 and GL261 cells. (C) Representative images of glioma cells treated with DEXA. Propidium iodide (PI) staining reveals dead cells (white dots,
upper panel). Note the increase in Pl-positive cells and reduced cell number under white light (WL) view in the groups treated with low or high
dexamethasone. Scale bar represents 200 um. (D) Dexamethasone does not alter the proliferation of rat primary astrocytes. DEXA was tested at
concentrations ranging from 1 pug/ml to 200 pg/ml. Determination of cell death assays was repeated at least three times. Values are given as mean =
S.D. Quantification is given for n= 12. Statistical analysis was performed with Student’s t-test (two-sided), asterisks indicate p-values <0.05 which
were considered significantly different from control groups (set as 100%). Abbreviation: DEXA, Dexamethasone; PI, propidium iodide; WL, white light.
doi:10.1371/journal.pone.0093264.9001

buffer (4x) and Reducing agent (10x) (Invitrogen, California, and efficiency was checked with Memcode Stain kit (Thermo
USA) and boiled at 96°C: for 8 min. Equal amounts of protein Massachusetts, USA) according to the user manual. Membranes
sample were loaded on 4-12% SDS-NuPage Gel (Invitrogen, CA, were blocked in PBS containing 2% Magic block and 10% Top
USA) and electrophoresis was performed in MOPS-buffer, block (Lubio science, Lucern, Switzerland) for 1 h before further
transferred on PVDF membranes (Roth, Karlsruhe, Germany) processed. Antibodies were incubated overnight at 4°C in roller
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Figure 2. Dexamethasone acts differentially on human glioma cells. (A), Dexamethasone (DEXA) promotes human T98G and U251 glioma
growth. Human T98G and U251 glioma cells were cultured at various concentrations of DEXA and cell viability was determined with the MTT assay.
(B), Dexamethasone reduces human U87 glioma cell growth solely at high concentrations. Right, representative images of U87 glioma cells treated
with low and high dosage of DEXA. Scale bar represents 200 um. (C), Human embryonic kidney cells are growth sensitive to increasing DEXA
concentration. (D), Human primary astrocytes are resistant to various DEXA concentrations. Cell growth is given in relation to untreated controls.
Quantification is given for n=12. Values are given as mean = S.D. with controls set as 100%. Differences were considered statistically significant with
p<<0.05 (asterisks, two-sided Student’s t-test).

doi:10.1371/journal.pone.0093264.g002

tubes, followed by secondary antibodies incubated at room Amino acid profiling of glioma conditioned medium

temperature for 1 h. Detection was performed with ECL plus kit Cells were seeded in 6-well plates at a density of 75.000 cells per

(GE-healthcare, Solingen, Germany). well in full DMEM medium. For the experiments at least three
wells per cell line were used and the assay was performed three
times. After incubation overnight, the medium was changed to
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Figure 3. Dexamethasone does not affect cell viability of primary neurons. (A), Dexamethasone (DEXA) was applied to rodent hippocampal
neurons for 48 hs and cell death was determined by PI staining (PI, propidium iodide, left column, Scale bar represents 200 pum). Right, white light
microscopy indicates morphological integrity of neurons following DEXA treatment. Scale bar 100 pm (B), Neurons were cultured at various
concentrations of DEXA for two days and cell viability was determined by measuring the PI signal intensity.

doi:10.1371/journal.pone.0093264.g003

only DMEM without any supplements. After incubating for
another 24 hs, medium was collected and measurement was
performed by using high performance liquid chromatography
(HPLC). Amino acids were analysed by ion-exchange chromatog-
raphy and post-column ninhydrin derivatization technique using a
fully automated amino acids analyzer (Biochrom 30+, Laborser-
vice Onken, Griindau, Germany). For the amino acid analysis,
100 pL. of sample was deproteinized with 100 pL. of 10%
sulphosalicylic acid. 20 pL of this supernatant was then loaded
by the autosampler into a cation-exchange resin-filled column.
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Statistical significance

Data from experiments were obtained from at least three
independent experiments (n=3) if not otherwise stated. Statistical
analysis was performed using MS Excel 2010 (Microsoft Corp.,
Washington, USA) if not otherwise specified in the figure legends.
The level of significance was set at P*<<0.05 according to the
international conventions. Error bars represent £ S.D.
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results is given showing relative xCT mRNA (left) and VEGFA mRNA (right) values after DEXA treatment [0, 10, 100 and 200 pg/ml] in F98 glioma cells.
(B) gRT-PCR analysis of DEXA-resistant U251 glioma cells. Note, that DEXA does not affect xCT mRNA expression in human U251 glioma cells.
Quantification of the gRT-PCR results is depicted showing relative xCT mRNA level after DEXA treatment [0, 10, 100 and 200 pg/ml]. (C), Western blot
analysis of xCT after DEXA treatment for 48 hs. Left, top, representative blot is given. Bottom, quantification of western blot (xCT/actin) showing that
xCT is up-regulated in F98 glioma cells after DEXA treatment for 48 hs. Right, DEXA does not affect xCT expression in xCT silenced glioma cells. Top,
Representative immunoblot of xCT in rat xCT knockdown gliomas after DEXA treatment. Bottom, quantification of western blot ratios (xCT/actin) after
DEXA treatment for 48 hs. (D), Short-duration DEXA treatment enhances glutamate secretion in rat glioma cells. Glutamate concentration in
condition medium 24 hs after DEXA application measured by ion-exchange chromatography with an amino acid analyzer reveals extracellular
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glutamate elevation after dexamethasone treatment. (E), siRNA mediated xCT knockdown increases glioma susceptibility to DEXA. DEXA treatment of
control (GFP) transfected F98 glioma cells and xCT knockdown (si xCT) F98 cells. Two days after DEXA treatment, cell growth was determined. Means
are given with quantification out of n=3. Values are given as mean * S.D. Control groups set as 100%. Differences were considered statistically
significant with p<<0.05 (asterisks, two-sided Student’s t-test). Abbreviation: qRT-PCR, quantitative real-time reverse transcriptase PCR.

doi:10.1371/journal.pone.0093264.g005

Results

Dexamethasone inhibits glioma growth in a species-
specific manner

We first analysed the effect of dexamethasone on glioma cells.
For this we measured proliferation of glioma cells under various
concentrations of dexamethasone (DEXA) at different time points.
Cell growth analysis revealed a 70% to 80% decrease of cell
growth in rodent glioma cells (F98 and RG2 gliomas) after 48 hs’
100 pg/ml dexamethasone treatment (Fig. 1A). Noteworthy,
RG2 and GL261 glioma cells appeared to be more sensitive to
DEXA compared to F98 glioma cells (Fig. 1B). The growth
inhibitory effect was observed already at the lowest concentration
(1 pg/ml) (Fig. 1A, B). We could further confirm these results by
monitoring cell death (propidium iodide (PI) staining) and white
light morphological analysis (Fig. 1C). Dexamethasone treated
gliomas had significantly more dead cells which were PI positive
(red), and less living cells as revealed by morphological assessment.

We further tested whether DEXA is generally toxic to
differentiated normal brain cells. For this we prepared primary
rat astrocytes and applied DEXA at the same setting as in glioma
cells. Noteworthy, DEXA showed no toxicity on primary
astrocytes within a wide concentration range shown to be toxic
for glioma cells (Fig. 1C).

We next tested the efficacy of DEXA on established human
glioma cell lines. In T98G and U251 glioma cells DEXA did not
affect cell proliferation and contrariwise human gliomas prolifer-
ated more under DEXA compared to untreated controls (Fig. 2A).
Conversely, at higher concentrations DEXA even promoted
glioma cell proliferation. Dose-response experiments revealed a
20 to 60% elevation of cell growth in human T98G and U251
glioma cells after DEXA treatment (Fig. 2A). Hence, we went on
and investigated another well-established human glioma cell line
(U87). DEXA application with up to 10 pg/ml did not inhibit U87
cell growth (Fig. 2B). At higher concentrations beginning with
100 pg/ml onwards DEXA was effective in reducing significantly
U87 cell growth (Fig. 2B). To analyse the general toxic potency of
DEXA, we treated human embryonic kidney cells (HEK cells)
with various concentrations of DEXA. These experiments
revealed that 1 pg/ml DEXA is already efficient to inhibit
proliferation of HEK cells (Fig. 2C). Higher concentrations of
DEXA were even more efficient in inducing HEK cell death
(Fig. 2C). We further investigated the effects of DEXA on human
non-transformed control cells. For this we utilized primary human
astrocytes and treated them with DEXA at the same condition as
in glioma cells. Human primary astrocytes showed to be resistant
towards various DEXA levels (Fig. 2D). Altogether, these results
demonstrate, that DEXA acts as a growth inhibitor on glioma cells
in a species-specific manner with different dose-response efficacy.

DEXA does not impact neuronal cell survival and induces
growth arrest in gliomas

We next investigated the effect of dexamethasone on primary
hippocampal neurons. For this we treated differentiated neurons
with various concentrations of DEXA and monitored cell
morphology and cell death (Fig. 3A). Interestingly, primary
neurons appeared to be insensitive towards DEXA and cellular
morphology was unaffected (Fig. 3A). We then assessed quanti-
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tatively cell death in primary neurons and found no significant
challenges under DEXA treatment (Fig. 3B).

Hence, we analysed the mode of action of DEXA on glioma
cells. For this we investigated glioma cells after DEXA treatment
and then inspected these cells for morphological signs of apoptosis
(Fig. 4A). In line with previous results DEXA treatment increased
slightly the number apoptotic cells when applied with a
concentration of 100 pg/ml or more (Fig. 4A). We next profiled
the cell cycle of F98 glioma cells following DEXA treatment
(Fig. 4B). Here we found that the proportion of cells in the S-
phase diminished significantly under increasing levels of DEXA in
favour of elevated G1 phase (Fig. 4B). Moreover, DEXA
treatment significantly augmented the apoptotic sub-G1 fraction
in glioma cells (Fig. 4B). Thus, DEXA induces glioma growth
arrest and cell death in a concentration-dependent manner.

DEXA promotes xCT and VEGFA expression in gliomas

Since DEXA is a standard medical agent for the treatment of
brain tumor-associated cerebral edema, we investigated the
regulation of two genes associated with cytotoxic and vasogenic
edema [7] [27]. We first tested the glutamate-cystine antiporter
xCT/SLC7all/system x¢- in DEXA-responsive glioma cells.
xCT is known to be associated with tumor-induced edema
formation [6] as well as in hypoxia and redox-dependent stress
responses [28] [29]. Interestingly, xC'I' mRNA expression is
immediately elevated following 6 hs incubation with DEXA
(Fig. 5A). Quantitative RT-PCR analysis further revealed that
DEXA-induced xCT elevation is DEXA-regulated in a concen-
tration-dependent manner (Fig. 5A). We next tested the
expression of VEGFA under DEXA treatment since VEGFA is
associated with tumor angiogenesis, cell stress, hypoxia and brain
edema [30] [31]. Here, we found that glioma cells also up-regulate
VEGFA following DEXA application in a concentration-depen-
dent manner (Fig. 5A).

Since both edema-associated genes are also involved in hypoxia
and stress-response conditions, we hypothesized that those glioma
cells which are non-responsive towards DEXA treatment also do
not challenge their xC'T' expression under DEXA conditions. For
this we analysed xCT mRNA expression in U251 gliomas. In
support of this hypothesis is the finding that the xCT mRNA
expression remains unchanged following increasing concentrations
of DEXA (Fig. 5B).

We next investigated the functional implication of xCT
regulation in gliomas. First we tested the xCT protein levels after
DEXA treatment. Following DEXA application at low concen-
trations gliomas enhanced the xC'T protein expression (Fig. 5C).
In xCT knock down gliomas, this DEXA-dependent up-regulation
was absent (Fig. 5C). Since xCT operates as a glutamate exporter
and glutathione regulator we analysed the functional consequences
of DEXA treatment by determining the glutamate levels.
Notwithstanding, short duration DEXA application for 24 hs
elevated extracellular glutamate levels in a concentration-depen-
dent manner (Fig. 5D). However, longer incubation times led to
glioma cell death. Furthermore, we wanted to test whether the
expression level of xC'T' influences the susceptibility for DEXA.
For this we induced siRNA-mediated xC'T knockdown in rodent
glioma cells and analysed their proliferation. Interestingly, xCT
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Figure 6. Dexamethasone induces tumor cell death in organotypic brain tissue. (A) Dexamethasone (DEXA) treatment induces tumor cell
death in glioma cell implanted brain slices and reduces tumor-induced cell death. Top, F98 glioma cells were implanted in brain slices and after 8
days cell death was evaluated (propidium iodide positive cells are depicted in red). Bottom, Cell death quantification in untreated tumor-implanted
brain tissue (control) reveals increased peritumoral cell death (peritumoral zone), whereas the tumor zone is spared of cell death. DEXA treatment
reduces brain damage as revealed by reduced cell death in control cortical areas apart from the tumor, and in the peritumoral zones, while DEXA
induces massive tumor cell death within the tumor core zone. Cell death intensity was quantified with NIH-Image J and for statistical analysis the t-
test was applied. Means = S.D. are given. *P<0.05, Student’s t-test (two sided) (n=12). The dashed circle marks the tumor core zone. Scale bar
represents 1 mm. (B), DEXA treatment in native brain slices. Cell death quantification in untreated brain slices (control), and native brain slices with
DEXA treatment at a concentration of 10 pg/ml, 100 pg/ml and 200 pg/ml. Scale bar represents 1 mm. (C), Assessment of cell death in native brain
slices treated with DEXA. Cell death intensity was quantified with NIH-Image J and for statistical analysis the two tailed t-test was applied. Means *=
S.D. are given. *P<<0.05, Student’s t-test (n=3). (D); Glioma cells induced neuronal cell death. Tumor-implanted brain slices were stained for the
neuronal markers NeuN (top, given in green) and NeuroTrace (bottom, depicted in blue) and cell death assessed by Pl staining (red). Arrows showing
that the dead cells (Pl+) are mostly NeuN+ (green) or NeuroTrace+ (blue) neurons. Scale bar, 50 pm.

doi:10.1371/journal.pone.0093264.9g006

knockdown increased glioma susceptibility towards DEXA treat- analysed the vessel architecture of tumor implanted brain slices
ment (Fig. 5E). after 10 days in culture. Through these investigations we found

that DEXA-treated brain slices presented fewer capillaries in
Dexamethasone protects neurons and 5e|ective|y kills tumor and peritumoral areas (Fig. 7A). Beside this, DEXA-treated
gliomas ex vivo tumors showed fewer branches and fewer abnormal tortuous

vessels resembling a more physiological phenotype (Fig. 7A).
Through the overlay grid method [24], we found that the vascular
density in peritumoral areas is moderately decreased in dexa-
methasone-treated brain slices compared to non-treated slices.
Interestingly, newly formed vessels can be detected with the
marker CD105. Therefore, we assessed whether DEXA operates
specifically on tumor-induced vessels. Noteworthy, the proportion
of CD105+ cells in the tumor microenvironment was alleviated
when DEXA was applied (Fig. 7B). We further investigated the
general effects of DEXA on the brain vasculature. For this we
treated naive brain slices with high concentrations of DEXA and
monitored the vessel density. Noteworthy, DEXA did not reduce
vascular density in normal brain tissue indicating that DEXA-
induced tumor vessel regression is not a generally endothelial-toxic
effect (Fig. 7C). Altogether, these results suggest that dexameth-
asone can also act on pathological brain capillaries and normalizes
vascular density in brain tumors.

In order to test the effect of dexamethasone on brain tissues, we
developed an ex vivo model which enables pharmacological testing
in real time mode [32]. Brain sections were cut and slices were
cultured on permeable PET membrane bathed in culture medium.
Treatment was performed via adding DEXA into the medium.
After five days in culture, cell death and cellular integrity were
monitored in brain slices. DEXA-treated brain sections showed
alleviated cell death compared with control brain tissue (Fig. 6A).
We tested various concentrations of DEXA and at 100 pg/ml or
more DEXA was effectively protective for brain tissue. Quanti-
tative analysis showed a 36 to 38% decrease in neurodegeneration
after DEXA treatment (Fig. 6B). After having established the
neuroprotective effects of DEXA, we tested its potency in tumor-
implanted brain slices. As expected from previous reports [33] [34]
[35], implantation of glioma cells into brain slices led to markedly
more neurodegeneration in peritumor area compared to untreated
naive slices (Fig. 6C). In contrast, in DEXA-treated groups, the
tumor-induced neurodegeneration was significantly diminished . .
(Fig. 6C). We further analysed the effects of DEXA on umor ~ Discussion
growth. Here, gliomas showed enhanced tumor cell death after
DEXA treatment, implicating that dexamethasone is not solely
neuroprotective but at the same time acts also glioma-toxic in this
ex vivo rodent tumor model (Fig. 6C). Quantification of cell death
revealed an up to 16% reduction in cell death in control area and

an_increase .Of 22% of tumor cell death after dffxamelthasone neurooncology due to the lack of clinically approved alternatives.
treatment (Fig. 6C). Hence, we asked whetl.qer ghoma—md}lced Conversely, there are various clinical schemes of optimal dosage of
cell death operates mainly on neuronal cells (Fig. 6D). For this we dexamethasone in glioblastoma patients [40] [41]. Unequivocally,
stained tumor-implanted brain slices for neuronal markers such as the efficiency of DEXA and glucocorticoids in reducing the tumor-

NeuN and NeuroTrace and monitored the correlation to PI associated edema is nowadays overall clinically established [42]
positive dead cells. As previously reported, most of tumor-induced [12] [15].

cell death occurred in neurons (Fig. 6D) [34].

Dexamethasone is one of the most potent glucocorticoids
available in neurooncology. This class of drugs has been applied
for more than four decades in the treatment of brain tumor
patients and belongs to the most powerful agents in minimizing
tumor-associated brain edema. DEXA is still the drug of choice in

Our initial hypothesis was that dexamethasone may affect
glioma growth species-specific and regulate key factors of edema

Dexamethasone reduces tumor vascular density ex vivo formation, namely xCT and VEGFA expression [6] [21].

It has previously been demonstrated that in gliomas cells are Interestingly, our work unravelled that DEXA is efficient and
nourished by pre-existing blood vessels, which undergo hyper- selective in inducing glioma cell death whereas astrocytes are
angiogenesis [36] [37] [38]. Furthermore, these tumor-induced insensitive towards glucocorticoid treatment. Moreover, we could
vessels are constantly changing in morphology and in function demonstrate that not all well-established glioma cells are affected
[39]. Therefore, we investigated tumor-induced vessels in our by DEXA in the same way. There are mainly some human glioma
DEXA paradigm. As shown in Fig. 7A, wild type gliomas show cells such as T98G cells and U251 gliomas which are highly
irregular and hyper-vascularised spots and capillaries, often resistant towards DEXA treatment, although human U87 gliomas
irregularly shaped with diameter leaps in contrast to vessels in show a selective toxicity profile under DEXA, although weaker
non-infiltrated brain slice areas. Since these vascular challenges than in murine or rodent gliomas. Thus, DEXA is not generally
are presumably important for glioma growth, we asked whether ineffective on human cells. These findings may further explain
dexamethasone could normalize certain vascular parameters, such some controversy in the field concerning anti-proliferative effects

as capillary density and morphology. To answer this question, we and ineffectiveness of DEXA in some patients [17] [18] [43].
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Figure 7. Dexamethasone inhibits specifically tumor angiogenesis. (A) DEXA treatment reduces tumor-induced vascular density. Top,
tumor-implanted brain slices were analysed for vessels and morphological differences between tumor-implanted control groups (control) and
dexamethasone treated groups were investigated. The dashed line designates the tumor core (top) from the peritumoral area (bottom). Vessel
density in peritumoral area is reduced after 100 and 200 pg/ml DEXA treatment. Scale bar represents 100 um. Bottom, quantitative analysis of vessel
density in untreated controls and DEXA treated brain slices. Means are given with = S.D. For statistical analysis the two tailed Student’s t-test was
applied and revealed *P<<0.05 and n=3. (B) DEXA treatment reduces newly formed tumor-induced vessels. Peritumoral area of tumor-implanted
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brain slices were analysed for vessels and differences in CD105 expression between tumor-implanted control groups (control) and dexamethasone
treated groups were investigated. Laminin positive vessel structure is given in red (Left). CD105 positive endothelial cells are depicted in blue
(middle). Merged images are shown on the right. Arrows indicate CD105 positive proliferating or newly formed endothelial cells. Scale bar represents
100 um. (C) DEXA does not inhibit normal vessel growth. Native brain slices were treated with DEXA and vascular density was investigated.
Quantitative analysis of vessel density in untreated brain slices (control) and DEXA treated brain slices. Scale bar, 50 pm. Means = S.D. are given. For
statistical analysis the two tailed Student’s t-test was applied with *P<<0.05 and n=3.

doi:10.1371/journal.pone.0093264.g007

Recent studies have indicated that malignant gliomas are
heterogeneous allowing sub-classifying histologically identical
GBM in to three or more subgroups due to their methylation
status and expression profile. This genetic heterogeneity may be
reflected by functional responses to DEXA [44] [45]. Generally,
DEXA is toxic in human malignant cells such as in lymphocytic
leukemia [46] [47]. The mechanism by which dexamethasone
interferes with cell proliferation is not entirely uncovered.
Glucocorticoids can challenge apoptotic and metabolic gene
expression pattern with effects on key regulators such as IxB,
Autotaxin (NPP-2), pyruvate kinase M2 (PKM2), and protein
phosphatases [43] [48] [47]. Thus, glucocorticoids affect energy
deprivation responses in malignant and highly proliferative cells
[47] but not in proliferating primary astrocytes. This is also
reflected by our xCT and VEGFA expression data. Although
DEXA is operating anti-angiogenetic, both xCT and VEGFA
expression are elevated under DEXA treatment in glucocorticoid-
sensitive gliomas. These effects indicate redox-associated stress
responses rather than constant pro-angiogenic signalling events
[28]. In support of this are former reports, demonstrating DEXA
as a VEGFA suppressor in gliomas [49]. Noteworthy is the finding
that the gene xCT is not challenged through DEXA in resistant
gliomas. The mechanism of DEXA-dependent gene regulation
and cellular DEXA resistance is not known yet. Generally,
glucocorticoids can transcriptionally regulate target genes via
glucocorticoid receptor-dependent mechanisms, directly at the
side of promoters as well as indirectly through the regulation of
microRNAs [50]. Whether gliomas differ in their glucocorticoid
receptor expression, promoter structures and microRINA make up
need to be shown in future studies.

Another key finding is that DEXA exerts neuroprotective effects
in the context of brain tumors. This is in particular of importance
since tumor-induced neuronal cell death contributes to malignant
cytotoxic brain edema. Relevant to this are independent findings
of DEXA as a neuroprotective agent in newborn and adult
hypoxia [51] [52] [53] [54] [55] [56]. Interestingly, DEXA’s
VEGFA enhancing effects on postnatal brain tissue has been
attributed to this neuroprotection which is likely glucocorticoid
receptor dependent [57]. Thus, at least in short duration DEXA is
an efficient neuroprotective agent as well. Unfortunately, long-
term usage of corticosteroids is associated with numerous well-
characterized adverse effects such as diabetes, hyperlipidemia and
psychosis. This promoted the search for alternative edema
combating pharmaceutics. New antiangiogenic agents, such as
bevacizumab (Avastin) are associated with significant steroid-

References

1. Kohler BA, Ward E, McCarthy BJ, Schymura MJ, Ries LA, et al. (2011) Annual
report to the nation on the status of cancer, 1975-2007, featuring tumors of the
brain and other nervous system. J Natl Cancer Inst 103: 714-736.

2. Wen PY, Kesari S (2008) Malignant gliomas in adults. N Engl J Med 359: 492
507.

3. Eyupoglu IY, Buchfelder M, Savaskan NE (2013) Surgical resection of malignant
gliomas-role in optimizing patient outcome. Nat Rev Neurol 9: 141-151.

4. Dolecek TA, Propp JM, Stroup NE, Kruchko C (2012) CBTRUS statistical
report: primary brain and central nervous system tumors diagnosed in the
United States in 2005-2009. Neuro Oncol 14 Suppl 5: v1-49.

. Siegel R, Naishadham D, Jemal A (2012) Cancer statistics, 2012. CA
Cancer J Clin 62: 10-29.

&

PLOS ONE | www.plosone.org

13

sparing effects, allowing neuro-oncologists to reduce the overall
use of corticosteroids in patients with progressive malignant brain
tumors [58] [59]. However, bevacizumab is associated with
potentiation of tumor-cell invasion and rapid progression following
the cessation of therapy [60] [61]. This finding is of relevance since
anti-angiogenic factors may contribute in addition to the edema-
reducing condition. Vice versa, we and others proved that DEXA
is efficient in reducing tumor-angiogenesis [43] [62]. However,
concerning XC'T inhibition clinical data are still far from complete
to allow a definitive evaluation.

In conclusion, we could show that DEXA affects glioma cell
growth differentially in a concentration-dependent manner.
Further, DEXA exerts neuroprotective effects in the brain and
reduces tumor-induced angiogenesis. Thus, our study shows that
DEXA’s pleiotropic actions affect differentially human tumor
growth, tumor angiogenesis and neuronal survival.

Acknowledgments

We thank our colleagues from the Cell Biology and Neurooncology
laboratory, in particular Stefan Hock for excellent technical support and
critical discussions and inputs during the course of experimentations. The
clinical ward team NC32 is acknowledged for continuous clinical and
material support. Matthias Zenkel and Ulrike Schlétzer-Schrehardt (both
from the Dept. of Ophthamology, Universititsklinikum Erlangen,
Germany) are gratefully acknowledged for providing the primary human
astrocytes and patients informed consent. We cordially thank Yvonne
Riibner and Rainer Fietkau (Department of Radiation Oncology,
Universitatsklinikum Erlangen) for providing us the T98G and U251 cells.
Christiane Miihle and Johannes Kornhuber (Department of Psychiatry,
Erlangen, Germany) are gratefully acknowledged for providing access and
assistance with the qRT-PCR and software procedure. Katrin Ebert and
Teja Groemer (Department of Psychiatry, Erlangen, Germany) are
gratefully acknowledged for providing primary neuronal cell cultures. We
are grateful to Lisa Schnell (Art&Science, Zurich, Switzerland) for critical
proof reading.

Author Contributions

Conceived and designed the experiments: NES ZF IYE. Performed the
experiments: ZF TS. Analyzed the data: ZF ST IYE NES. Contributed
reagents/materials/analysis tools: NES ZF TS MB MR IYE. Wrote the
paper: NES ZF TS MB MR IYE. Performed all cell culture experiments
and proliferation assays: ZF T'S. Conducted the brain slice and VOGIM
experiments: ZF. Performed analytical procedures: MR ZF. Contributed to
the discussion of the content and editing of the final manuscript before
submission: NES ZF TS MB MR IYE.

6. Savaskan NE, Heckel A, Hahnen E, Engelhorn T, Doerfler A, et al. (2008) Small
interfering RNA-mediated xCT silencing in gliomas inhibits neurodegeneration
and alleviates brain edema. Nat Med 14: 629-632.

7. Savaskan NE, Eyupoglu IY (2010) xC'T modulation in gliomas: relevance to
energy metabolism and tumor microenvironment normalization. Ann Anat 192:
309-313.

8. Wen PY, Macdonald DR, Reardon DA, Cloughesy TF, Sorensen AG, et al.
(2010) Updated response assessment criteria for high-grade gliomas: response
assessment in neuro-oncology working group. J Clin Oncol 28: 1963-1972.

9. Pace A, Villani V, Di Lorenzo C, Guariglia L, Maschio M, et al. (2013) Epilepsy
in the end-of-life phase in patients with high-grade gliomas. ] Neurooncol 111:
83-86.

April 2014 | Volume 9 | Issue 4 | 93264



20.

21.

28.

29.

30.

31.

32.

36.

37.

. Batchelor TT, Sorensen AG, di Tomaso E, Zhang WT, Duda DG, et al. (2007)

AZD2171, a pan-VEGF receptor tyrosine kinase inhibitor, normalizes tumor
vasculature and alleviates edema in glioblastoma patients. Cancer Cell 11: 83—
95.

Silbergeld DL, Rostomily RC, Alvord EC Jr. (1991) The cause of death in
patients with glioblastoma is multifactorial: clinical factors and autopsy findings
in 117 cases of supratentorial glioblastoma in adults. ] Neurooncol 10: 179-185.

. Kaal EC, Vecht CJ (2004) The management of brain edema in brain tumors.

Curr Opin Oncol 16: 593-600.

. Jelsma R, Bucy PC, (1967) The treatment of glioblastoma multiforme of the

brain. J Neurosurg 27: 388-400.

. Hempen C, Weiss E, Hess CF (2002) Dexamethasone treatment in patients with

brain metastases and primary brain tumors: do the benefits outweigh the side-
effects? Support Care Cancer 10: 322-328.

. Wen PY, MacDonald L, Conrad GD (2005) Managment of non-neoplastic

problems in brain tumor patients. Cancer of the Nervous System PM Black, JS

Loefller: 243-254.

. Dietrich J, Rao K, Pastorino S, Kesari S (2011) Corticosteroids in brain cancer

patients: benefits and pitfalls. Expert Rev Clin Pharmacol 4: 233-242.

. Das A, Banik NL, Patel SJ, Ray SK (2004) Dexamethasone protected human

glioblastoma U87MG cells from temozolomide induced apoptosis by maintain-
ing Bax:Bcl-2 ratio and preventing proteolytic activities. Mol Cancer 3: 36.

Sur P, Sribnick EA, Patel SJ, Ray SK, Banik NL (2005) Dexamethasone
decreases temozolomide-induced apoptosis in human gliobastoma T98G cells.

Glia 50: 160-167.

. Robe PA, Nguyen-Khac M, Jolois O, Rogister B, Merville MP, et al. (2005)

Dexamethasone inhibits the HSV-tk/ganciclovir bystander effect in malignant
glioma cells. BMC Cancer 5: 32.

Benedetti S, Pirola B, Poliani PL, Cajola L, Pollo B, et al. (2003) Dexamethasone
inhibits the anti-tumor effect of interleukin 4 on rat experimental gliomas. Gene
Ther 10: 188-192.

Kamoun WS, Ley CD, Farrar CT, Duyverman AM, Lahdenranta J, et al. (2009)
Edema control by cediranib, a vascular endothelial growth factor receptor-
targeted kinase inhibitor, prolongs survival despite persistent brain tumor growth

in mice. J Clin Oncol 27: 2542-2552.

. Ui-Tei K, Naito Y, Takahashi F, Haraguchi T, Ohki-Hamazaki H, et al. (2004)

Guidelines for the selection of highly effective siRNA sequences for mammalian
and chick RNA interference. Nucleic Acids Res 32: 936-948.

. Eyupoglu 1Y, Savaskan NE, Brauer AU, Nitsch R, Heimrich B (2003)

Identification of neuronal cell death in a model of degeneration in the
hippocampus. Brain Res Brain Res Protoc 11: 1-8.

. Hock SW, Fan Z, Buchfelder M, Eyupoglu 1Y, Savaskan NE (2013) Brain

Tumor-Induced Angiogenesis: Approaches and Bioassays. Evolution of the
Molecular Biology of Brain Tumors and the Therapeutic Implications 638: 125~
145.

. Wenzel EM, Morton A, Ebert K, Welzel O, Kornhuber J, et al. (2012) Key

physiological parameters dictate triggering of activity-dependent bulk endocy-
tosis in hippocampal synapses. PLoS One 7: ¢38188.

. Lambert W, Agarwal R, Howe W, Clark AF, Wordinger RJ (2001)

Neurotrophin and neurotrophin receptor expression by cells of the human
lamina cribrosa. Invest Ophthalmol Vis Sci 42: 2315-2323.

. Jain RK, di Tomaso E, Duda DG, Loeffler JS, Sorensen AG, et al. (2007)

Angiogenesis in brain tumours. Nat Rev Neurosci 8: 610-622.

Bannai M, Kawamura T, Naito T, Kameyama H, Abe T, et al. (2001)
Abundance of unconventional CD8(+) natural killer T cells in the large intestine.
Eur J Immunol 31: 3361-3369.

Lewerenz J, Maher P (2011) Control of redox state and redox signaling by neural
antioxidant systems. Antioxid Redox Signal 14: 1449-1465.

di Tomaso E, Snuderl M, Kamoun WS, Duda DG, Auluck PK, et al. (2011)
Glioblastoma recurrence after cediranib therapy in patients: lack of “rebound”
revascularization as mode of escape. Cancer Res 71: 19-28.

Carmeliet P, Jain RK (2011) Principles and mechanisms of vessel normalization
for cancer and other angiogenic diseases. Nat Rev Drug Discov 10: 417-427.
Eyupoglu 1Y, Hahnen E, Heckel A, Siebzehnrubl FA, Buslei R, et al. (2005)
Malignant glioma-induced neuronal cell death in an organotypic glioma
invasion model. Technical note. ] Neurosurg 102: 738-744.

. Takano T, Lin JH, Arcuino G, Gao Q, Yang J, et al. (2001) Glutamate release

promotes growth of malignant gliomas. Nat Med 7: 1010-1015.

Savaskan NE, Seufert S, Hauke J, Trankle C, Eyupoglu IY, et al. (2011)
Dissection of mitogenic and neurodegenerative actions of cystine and glutamate
in malignant gliomas. Oncogene 30: 43-53.

. Noch E, Khalili K (2009) Molecular mechanisms of necrosis in glioblastoma: the

role of glutamate excitotoxicity. Cancer Biol Ther 8: 1791-1797.

Storring FK, Duguid JB (1954) The vascular formations in glioblastoma. ] Pathol
Bacteriol 68: 231-233.

Kroh H, Stoltenburg-Didinger G (1988) Vascular response in experimental
spinal cord gliomas of the rat. Zentralbl Allg Pathol 134: 523-530.

PLOS ONE | www.plosone.org

14

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

60.

61.

62.

Dexamethasone Impacts Brain Tumor Microenvironment

Yuan F, Salehi HA, Boucher Y, Vasthare US, Tuma RF, et al. (1994) Vascular
permeability and microcirculation of gliomas and mammary carcinomas
transplanted in rat and mouse cranial windows. Cancer Res 54: 4564-4568.
Jain RK (2013) Normalizing tumor microenvironment to treat cancer: bench to
bedside to biomarkers. J Clin Oncol 31: 2205-2218.

Vecht CJ, Hovestadt A, Verbiest HB, van Vliet JJ, van Putten WL (1994) Dose-
effect relationship of dexamethasone on Karnofsky performance in metastatic
brain tumors: a randomized study of doses of 4, 8, and 16 mg per day.
Neurology 44: 675-680.

Marantidou A, Levy C, Duquesne A, Ursu R, Bailon O, et al. (2010) Steroid
requirements during radiotherapy for malignant gliomas. ] Neurooncol 100: 89—
94.

Miller JD, Sakalas R, Ward JD, Young HF, Adams WE, et al. (1977)
Methylprednisolone treatment in patients with brain tumors. Neurosurgery 1:
114-117.

Villeneuve J, Galarneau H, Beaudet MJ, Tremblay P, Chernomoretz A, et al.
(2008) Reduced glioma growth following dexamethasone or anti-angiopoietin 2
treatment. Brain Pathol 18: 401-414.

Kloosterhof NK, de Rooi JJ, Kros M, Eilers PH, Sillevis Smitt PA, et al. (2013)
Molecular subtypes of glioma identified by genome-wide methylation profiling.
Genes Chromosomes Cancer 52: 665-674.

. Li A, Walling J, Ahn S, Kotliarov Y, Su Q, et al. (2009) Unsupervised analysis of

transcriptomic profiles reveals six glioma subtypes. Cancer Res 69: 2091-2099.
Spaner DE (2012) Oral high-dose glucocorticoids and ofatumumab in
fludarabine-resistant chronic lymphocytic leukemia. Leukemia 26: 1144-1145.
Tung S, Shi Y, Wong K, Zhu F, Gorczynski R, et al. (2013) PPARalpha and
fatty acid oxidation mediate glucocorticoid resistance in chronic lymphocytic
leukemia. Blood 122: 969-980.

Kfir-Erenfeld S, Sionov RV, Spokoini R, Cohen O, Yefenof E (2010) Protein
kinase networks regulating glucocorticoid-induced apoptosis of hematopoietic
cancer cells: fundamental aspects and practical considerations. Leuk Lymphoma
51: 1968-2005.

Heiss JD, Papavassiliou E, Merrill MJ, Nieman L, Knightly JJ, et al. (1996)
Mechanism of dexamethasone suppression of brain tumor-associated vascular
permeability in rats. Involvement of the glucocorticoid receptor and vascular
permeability factor. J Clin Invest 98: 1400-1408.

Harada M, Pokrovskaja-Tamm K, Soderhall S, Heyman M, Grander D, et al.
(2012) Involvement of miR17 pathway in glucocorticoid-induced cell death in
pediatric acute lymphoblastic leukemia. Leuk Lymphoma 53: 2041-2050.
Barks JD, Post M, Tuor UI (1991) Dexamethasone prevents hypoxic-ischemic
brain damage in the neonatal rat. Pediatr Res 29: 558-563.

Tuor UI, Simone CS, Arellano R, Tanswell K, Post M (1993) Glucocorticoid
prevention of neonatal hypoxic-ischemic damage: role of hyperglycemia and
antioxidant enzymes. Brain Res 604: 165-172.

Dardzinski BJ, Smith SL, Towfighi J, Williams GD, Vannucci RC, et al. (2000)
Increased plasma beta-hydroxybutyrate, preserved cerebral energy metabolism,
and amelioration of brain damage during neonatal hypoxia ischemia with
dexamethasone pretreatment. Pediatr Res 48: 248-255.

Bertorelli R, Adami M, Di Santo E, Ghezzi P (1998) MK 801 and
dexamethasone reduce both tumor necrosis factor levels and infarct volume
after focal cerebral ischemia in the rat brain. Neurosci Lett 246: 41-44.

. Limbourg FP, Huang Z, Plumier JC, Simoncini T, Fujioka M, et al. (2002)

Rapid nontranscriptional activation of endothelial nitric oxide synthase mediates
increased cerebral blood flow and stroke protection by corticosteroids. J Clin
Invest 110: 1729-1738.

Felszeghy K, Banisadr G, Rostene W, Nyakas C, Haour I (2004) Dexameth-
asone downregulates chemokine receptor CXCR4 and exerts neuroprotection
against hypoxia/ischemia-induced brain injury in neonatal rats. Neuroimmu-
nomodulation 11: 404—413.

Feng Y, Rhodes PG, Bhatt AJ (2011) Dexamethasone pre-treatment protects
brain against hypoxic-ischemic injury partially through up-regulation of vascular
endothelial growth factor A in neonatal rats. Neuroscience 179: 223-232.
Rinne ML, Lee EQ, Nayak L, Norden AD, Beroukhim R, et al. (2013) Update
on bevacizumab and other angiogenesis inhibitors for brain cancer. Expert Opin
Emerg Drugs 18: 137-153.

. Cuneo KC, Vredenburgh JJ, Sampson JH, Reardon DA, Desjardins A, et al.

(2012) Safety and efficacy of stereotactic radiosurgery and adjuvant bevacizumab
in patients with recurrent malignant gliomas. Int J Radiat Oncol Biol Phys 82:
2018-2024.

Narita Y (2013) Drug review: Safety and efficacy of bevacizumab for
glioblastoma and other brain tumors. Jpn J Clin Oncol 43: 587-595.

Zuniga RM, Torcuator R, Jain R, Anderson J, Doyle T, et al. (2010) Rebound
tumour progression after the cessation of bevacizumab therapy in patients with
recurrent high-grade glioma. J Neurooncol 99: 237-242.

Darpolor MM, Molthen RC, Schmainda KM (2011) Multimodality imaging of
abnormal vascular perfusion and morphology in preclinical 9L gliosarcoma
model. PLoS One 6: ¢16621.

April 2014 | Volume 9 | Issue 4 | 93264



