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ARTICLE INFO ABSTRACT

Unprovoked recurrent seizures are a serious comorbidity affecting most patients who suffer from glioma, a
primary brain tumor composed of malignant glial cells. Cellular mechanisms contributing to the development of
recurrent spontaneous seizures include the release of the excitatory neurotransmitter glutamate from glioma into
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Astrogliosis extracellular space. Under physiological conditions, astrocytes express two high affinity glutamate transporters,
geeiai?:se astrocytes Glt-1 and Glast, which are responsible for the removal of excess extracellular glutamate. In the context of
Glial scar neurological disease or brain injury, astrocytes become reactive which can negatively affect neuronal function,

causing hyperexcitability and/or death. Using electrophysiology, immunohistochemistry, fluorescent in situ
hybridization, and Western blot analysis in different orthotopic xenograft and allograft models of human and
mouse gliomas, we find that peritumoral astrocytes exhibit astrocyte scar formation characterized by pro-
liferation, cellular hypertrophy, process elongation, and increased GFAP and pSTAT3. Overall, peritumoral re-
active astrocytes show a significant reduction in glutamate and potassium uptake, as well as decreased glutamine
synthetase activity. A subset of peritumoral astrocytes displayed a depolarized resting membrane potential,
further contributing to reduced potassium and glutamate homeostasis. These changes may contribute to the
propagation of peritumoral neuronal hyperexcitability and excitotoxic death.

1. Introduction glioma that severely impacts the already sick patient. Traditional anti-

epileptic drugs are often ineffective and seizures might only be con-

Unprovoked seizures are experienced by 60-80% of patients with
primary brain tumors (Kurzwelly et al., 2010; Lynam et al., 2007; Reif
et al., 2010; Ross et al., 2018). In fact, a seizure will often be the first
symptom that leads to the diagnosis of a brain tumor. Primary brain
tumors occur with an incidence of 18 per 100,000 every year in the
United States, and approximately two thirds of all primary brain tumors
are gliomas, malignant tumors comprised of glial cells (Porter et al.,
2010). Tumor-associated epilepsy is a debilitating comorbidity of

trollable by surgical resection of the tumor. However, the majority of
patients will again suffer from seizures after tumor recurrence. The anti-
epileptic drugs used to treat tumor-associated seizures have side effects
that further decrease the patient's quality of life.

Cellular mechanisms contributing to the development of recurrent
spontaneous seizures include the release of the excitatory neuro-
transmitter glutamate from glioma into the extracellular space via the
system x(c) (—) cystine-glutamate transporter (encoded by Slc7all)
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(Buckingham et al., 2011). High expression of this co-transporter is
associated with seizures in glioma patients and predicts their poor
survival (Robert et al. 2015). In the healthy brain, astrocytes are re-
sponsible for the removal of excess extracellular glutamate via their
high affinity electrogenic transporters Glt-1 (EAAT2) and Glast
(EAAT1), which are driven by the ion gradients of sodium and po-
tassium. Glt-1 has a binding affinity for glutamate of KD = 20 uM and
transports about 30 glutamate molecules per second. To maintain ex-
tracellular glutamate concentrations as low as 25 nM, Glt-1 is one of the
most abundantly expressed proteins in the brain by itself, accounting
for about 1% of the total protein (Zhou and Danbolt, 2013). Thus as-
trocytes are well equipped to buffer increased extracellular glutamate
even in the presence of glioma cells as recently shown in culture.
However, when the ratio between cultured astrocytes and glioma cells
becomes too small, extracellular glutamate concentrations increase
(Yao et al., 2014). Additionally, astrocytes can become impaired in
their ability to provide brain homeostasis in the context of brain injury
or neurological diseases (Bedner et al., 2015; Olsen et al., 2015; Seifert
et al., 2006).

A property of all astrocytes is their ability to sense and react to brain
insult with the process of astrogliosis. In the context of severe acute
traumatic brain or spinal cord injury, reactive astrocytes form a pro-
tective scar that seals injured central nervous system (CNS) areas off.
Removal of these scar-forming astrocytes results in worsened outcomes
after CNS trauma (Anderson et al., 2016; Bush et al., 1999; Faulkner
et al., 2004). In other neurological diseases, astrogliosis does not always
result in scar formation but even milder types of reactive astrocytes
appear to come at the price of faulty support for neurons. The result can
be neuronal dysfunction, hyperexcitability and/or death (Liddelow
et al., 2017; Robel et al., 2015; Shandra et al., 2019; Tong et al., 2014).

Accumulating evidence from human subjects and animal models
demonstrates that reactive astrocyte dysfunction contributes to seizure
activity and epileptogenesis (Wetherington et al., 2008). The most
prominent example is mesio-temporal lobe epilepsy, where decades of
research implicate astrocytes in the genesis of seizures (Robel, 2016;
Trachtenberg and Pollen, 1970) and removal of the glial scar is essential
for seizure control in temporal lobe epilepsy patients that are refractory
to anti-epileptic drugs (AED's). Numerous studies have provided com-
pelling evidence that reactive astrocytes are dysfunctional in their
ability to maintain a local ion and transmitter milieu suitable to sustain
normal neuronal activity (Robel and Sontheimer, 2015; Shandra et al.,
2019). Direct evidence that astrogliosis is causal was provided in a
study inducing astrogliosis virally, which induces epileptiform activity
in hippocampal slices (Ortinski et al., 2010). In a genetic model of as-
trogliosis, elimination of B1-integrins in the astrocytic lineage causes
widespread chronic astrogliosis and subsequent development of spon-
taneous recurrent seizures (Robel et al., 2015). Similarly, Alexander
disease, which is caused by point mutations in the astrocytic inter-
mediate filament glial fibrillary acidic protein (GFAP), results in severe
reactive gliosis, seizures, and developmental delay (Brenner et al.,
2001). Yet, despite the reliability of the astrogliosis response, the pro-
cess is highly heterogeneous with a plethora of graded alterations to
gene & protein expression, the secretome, morphology and astrocyte
function (Sofroniew, 2014) that depend on the disease context and
modifies astrocyte-neuronal interactions in highly specific ways. Here,
we tested the hypothesis that glioma-induced astrogliosis renders
peritumoral astrocytes dysfunctional, perpetuating the imbalance be-
tween excitation and inhibition in tumor-associated epilepsy.

2. Materials and methods
2.1. Animals
2.1.1. General

Adult 8-12 week old mice of both sexes and homozygous for the
immune deficiency mutation Prkdc®? (C.B.17 scid), commonly referred

Neurochemistry International 133 (2020) 104628

to as scid mice, were used for tumor implantations. Immunodeficiency
is required to allow growth of tissues derived from a different species,
which would otherwise be suppressed by the host's immune system.
Colonies were maintained in a standard pathogen free barrier animal
facility in groups of 5 animals at maximum on a 12 h light//12 h dark
cycle. Mice had access to food and water ad libitum. Mice were bred in-
house; some scid mice were purchased from Charles River. All animal
procedures were approved and performed according to the guidelines
of the Institutional Animal Care and Use Committee (IACUC) of the
University of Alabama at Birmingham and Virginia Tech and were
conducted in compliance with the National Institutes of Health's “Guide
for the Care and Use of Laboratory Animals.”

2.1.2. Immunodeficient Aldh111-eGFP mice

Swiss Webster-Aldh111-eGFP bacterial artificial chromosome (BAC)
transgenic mice (generated by the GENSAT project) were crossed to
C.B.17 scid mice and genotyped for the Prkdc*® point mutation as
previously described (Maruyama et al., 2002). Mice homozygous for the
Prkdc*d mutation and positive for GFP (Aldh1l1-eGFP-scid) were
maintained as a colony for more than 10 generations and offspring of
either sex was used for experiments.

2.2. Glioma cells

2.2.1. Patient-derived xenograft tumor lines

GBM22 patient xenograft cells were derived from primary brain
tumor tissue (generous gift by Dr. Yancey Gillespie, University of
Alabama at Birmingham, Birmingham, AL, USA) and maintained by
serial passage in the flank of athymic nude mice, as previously de-
scribed (Giannini et al., 2005). Tumors were harvested, mechanically
dissociated, and maintained in culture as spheres in Neurobasal-A
medium (Invitrogen) supplemented with 10 mg ml-1 of EGF and FGF
(Invitrogen), 250 puM ml-1 amphotericin, 50 mg ml-1 gentamycin
(Fisher), 260 mM L-glutamine (Invitrogen), and 10 ml B-27 supplement
without Vitamin A (Invitrogen). Xenograft cells were maintained as
spheres in vitro for 5-7 days before intracranial injections in scid or
Aldh111-eGFP-scid mice. All electrophysiology and western blot ex-
periments used the human xenocraft line GBM22 (see above).

2.2.2. D54 glioma cell line

For histological analysis of the relationship between astrocytes and
glioma cells, mice were stereotactically implanted with either human
glioma cells derived from D54-MG (D54) glioma cells (WHO 1V, glio-
blastoma multiforme; Dr. D. Bigner, Duke University, Durham, NC) that
were stably transfected with pEGFP-N1 (Clonetech). A red fluorescing
D54 tumor cell line was generated as described before (Watkins et al.,
2014).

2.3. Inoculation of (Aldh1l1-eGFP)-scid mice with glioma

Human or mouse glioma cells were implanted into 6-12 week old
immunodeficient C.B.-17 scid or Aldhl1l-eGFP-scid mice of either sex.
Animals were anesthetized by 2-5% isoflurane and a midline scalp
incision was created. A 0.5 mm burr hole was made at 1.0-2.0 mm and
0.5-1.0 mm posterior from bregma. D54-EGFP human glioma cells
(1.25-5.0 x 10% or GBM22 patient-derived xenograft tumors
(1.0-1.5 x 10°) were injected into one hemisphere at 1-2 mm depth (z
axis at an angle of 35°). Following surgery, the animals were placed in a
heating pad until recovery to minimize post-procedure suffering.
Intracranial tumors grew for 2-4 weeks. Body weight was monitored
periodically and mice with loss of body weight indicating tumor growth
were chosen for experiments. If the glioma was not distinguishable after
2-4 weeks, the animal was excluded.
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Table 2

Reagents used for Western blot analysis.
Name Manufacturer Catalog # RRID Species Raised In Monoclonal/Polyclonal Concentration
Primary Antibodies
GFAP Dako Z0334 AB_10013382 Rabbit Polyclonal 1:5000
Gltl Danboldt B12 ab360 N/A Rat Polyclonal 1:3500
Gltl Millipore AB1783 AB_90949 Guinea Pig Polyclonal 1:1000
Glast Danboldt Al #286 N/A Sheep Polyclonal 1:6000
Kir4.1 Alomone APC035 AB_2040120 Rabbit Polyclonal 1:400
GAPDH Abcam AB8245 AB_2107448 Mouse Monoclonal 1:5000
Tubulin 1:5000
Secondary Antibodies
Goat anti-rat IgG HRP Santa Cruz Biotechnology,Inc. SC2006 AB_1125219 Goat Polyclonal 1:1500
Goat anti-Sheep IgG HRP Santa Cruz Biotechnology,Inc. SC2473 AB_641190 Goat Polyclonal 1:1500
Goat anti-rabbit IgG HRP Santa Cruz Biotechnology,Inc. $C2004 AB_631746 Goat Polyclonal 1:1500
Goat anti-mouse IgG HRP Santa Cruz Biotechnology,Inc. SC2055 AB_631738 Goat Polyclonal 1:1500
Goat anti-chicken IgG HRP Santa Cruz Biotechnology,Inc. $C2901 AB_650515 Goat Polyclonal 1:1500
Chemiluminescent Substrates
Clarity Western ECL Substrate- Peroxide Solution Bio-Rad 102030831 1 min incubation, room temperature 1:2
Clarity Western ECL Substrate- Luminol/Enhancer Solution Bio-Rad 102030829 1 min incubation, room temperature 1:2

2.4. Histological procedures

2.4.1. Perfusion

Mice were deeply anesthetized with ketamine and xylazine prior to
transcardial perfusion with phosphate-buffered saline (PBS) followed
by 4% paraformaldehyde (PFA). Brain tissue was collected and post-
fixed in 4% PFA overnight. Coronal slices were cut at 40-50 pm
thickness using a vibratome (Campden 5100mz).

2.4.2. Immunohistochemistry

Immunohistochemistry was performed using primary antibodies as
specified in Table 1 in PBS with 0.5% Triton X and 10% goat serum at
4 °C overnight. Slices were washed in PBS and incubated in secondary
antibodies (Table 1) in 1x PBS with 0.5% Triton X and 10% goat serum
for 1-2 h at room temperature. 4,6-Diamidino-2-phenylindole (DAPI)
was included in the secondary antibody solution. Slices were washed in
PBS and mounted on glass microscope slides using Aqua Poly/Mount
(Polysciences, Inc., Cat. #18606). For pSTAT3 stainings, samples were
pretreated by heating in EDTA-HCI pH9.0 buffer at 95 °C for 10 min
prior to the antibody incubation. For rat anti-C3 stainings, samples
were pretreated with sodium citrate 10 mM, pH6, at 80 °C for 30 min
and the primaries and secondaries were diluted in 0.3% Triton X and
10% goat serum.

Nissl staining- After secondary antibody incubation slices were
washed with PBS 2-3 times for 5 min each, they were permeabilized
with 0.5% Triton X in PBS for 10 min followed by a 10 min wash in PBS.
Slices were incubated with NeuroTrace at 1:100 dilution in PBS for
20 min. Slices were again washed with 0.5% Triton X for 10 min fol-
lowed by 10 min wash in PBS.

Images of sham, naive and tumor-bearing mice were acquired using
an Olympus or a Nikon A1R confocal microscope with Nikon 4x, 10x or
20x air objectives or Nikon Apo 40 X /1.30 and 60x/1.40 oil immersion
objectives.

2.4.3. Hematoxylin & Eosin staining

All the products described in this protocol were available in the
Hematoxylin & Eosin Stain Kit (Vector Laboratories). Stainings were
performed as indicated by the manufacturer. Floating 40-50 pm brain
sections were mounted on Inkjet Plus Microscope Slides (Fisher
Scientific) and dried until the tissue was completely attached to the
surface (1 h approximately). Slides were then rinsed in water for 5 s.
Hematoxylin was applied to completely cover the tissue sections and
incubated for 5 min. Slides were rinsed in two changes of distilled water
(15 s each) to remove excess stain. Bluing reagent was applied to
completely cover the tissue and incubated for 15 s. Slides were rinsed in
2 changes of distilled water (15 s each). Slides were dipped in 100%

ethanol (10 s). Eosin Y solution was applied completely covering the
tissue, incubated for 3 min, and washed in 100% ethanol for 10 s.
Finally, the slide was dehydrated in 3 changes of 100% ethanol and
mounted in VectaMount Mounting Medium (Vector laboratories).
Images were acquired at an Olympus vs-120 microscope using a 20x
objective and processed in ImagelJ.

2.5. Western blots

GBM22 tumor-bearing mice were sacrificed by cervical dislocation
2-4 weeks after inoculation. Brains were sliced using a vibratome and
peritumoral or contralateral tissue was collected using a tissue puncher
with 0.5 mm diameter. Tissue punches were collected in lysis buffer and
samples were rapidly frozen on dry ice and stored at —80 °C until
further processing.

Tissues  were  mechanically  homogenized in  radio-
immunoprecipitation assay (RIPA) buffer with 1:100 protease and
phosphatase inhibitors (Sigma-Aldrich, Cat. P8340, P0044) followed by
sonication (3 X 10s pulse/Rest 5s, 30% amplitude) on ice. Remaining
tissue fragments were spun down and protein supernatants were stored
at —80 °C. Protein concentrations were determined for each sample
using a Bicinchoninic acid (BCA) assay. 5-10 pg protein was mixed with
sample buffer (4x Laemmli sample buffer with beta-mercaptoethanol)
and 1:10 dithiothreitol (DTT), denatured at 95 °C for 10 min, and
loaded into 4-20% BioRad Criterion TGX precast gels. Gels were run at
80 V until the dye line narrowed and then at 200 V for ~30-45 min.
The Trans-blot Turbo Transfer system was used for semi-dry transfer at
2.5A and 25 V for 10 min. Membranes were blocked in 5% nonfat milk
(NFM) in tris-buffered saline-tween 20 (TBST) for 30 min. Membranes
were incubated in primary antibody solution (Table 2) in 5% NFM/
TBST overnight at 4 °C. Membranes were washed and incubated in
secondary antibody solution in 5% NFM/TBST for 1 h at room tem-
perature. Membranes were developed with luminol/peroxide developer
solution (Table 2) and immediately imaged with the Azure ¢500 ima-
ging system.

2.6. RNAScope

Brain tissue was collected as previously described in section 2.4 and
post-fixed in 4% PFA overnight. Coronal slices were cut at 40-50 pm
thickness using a vibratome (Campden 5100mz). Floating sections were
mounted on glass slides followed by in situ hybridization according to
the manufacturer's instructions (Advanced Cell Diagnostics, Hayward,
CA, USA). We used the RNAscope® Probe Mm-Kcnj10-C3 (Advance Cell
Diagnostics, Hayward, CA, USA, Cat # 458831-C3) to detect Kir4.1
transcripts, using the RNAscope Multiplex Fluorescent Reagent Kit v2
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assay amplification kit (Advance Cell Diagnostics, Hayward, CA, USA,
cat # 323100). Images were acquired using a 40x objective with a
Nikon A1R confocal microscope and analyzed using the “analyze par-
ticles” tool in ImageJ (objects selected 0-50 pixels; circularity 0-1).

2.7. Electrophysiology

2.7.1. Whole-cell patch clamp recordings

Animals were decapitated, the brains removed and immersed in ice-
cold cutting solution (in mM): 135 N-methyl-D-gluconate (NMDG), 1.5
KCl, 1.5 KH2PO4, 23 choline bicarbonate, 25 D-glucose, 0.5 CaCl2, 3.5
MgS04. Coronal slices (300 um) recovered in normal recording solution
(in mM): 125 NaCl, 3 KCl, 1.25 NaH2P04, 25 NaHCO3, 2 CaCl2, 1.3
MgS0O4, 25 D-glucose at 37 °C for 1 h before recording. Whole-cell
patch clamp recordings were obtained using an intracellular solution
consisting of (in mM): 134 K-gluconate, 1 KCI, 10 HEPES, 2 Mg-ATP,
0.2 Na-GTP, and 0.5 EGTA, pH 7.4, 285-290 mOsm. Tight seals were
established using patch electrodes (KG-33 glass, Garner Glass) with a
5-8 MQ open-pipette resistance at —80 mV for astrocytes as previously
described (Olsen et al., 2006). Astrocytes were visualized using a Zeiss
Axioscope microscope, a 40 X water immersion objective, and epi-
fluorescent illumination (GFP-positive astrocytes in Aldhll1-eGFP
mice). Drugs were added to the recording solution (50 uM D-APS5,
20 uM CNQX, 500 nM tetrodotoxin (TTX), 0.1 mM CdCI2 (Sigma),
0.1 mM BaCl2 (Sigma), 20 pM bicuculline methiodide, 0.3 mM DL-
threo-3-Benzyloxyaspartic acid (TBOA), 0.4 mM dihydrokainic acid
(DHK). Unless stated otherwise, all drugs were purchased from Tocris.
Data were acquired using Clampex 10 software and a 19 Digidata
1440A interface (Molecular Devices), filtered at 5 kHz, digitized at
10-20 kHz, and analyzed using Clampfit 10.0 software (Molecular
Devices). Resting membrane potentials (RMPs) (in I = 0 mode), whole-
cell capacitance, and series resistances were measured directly from the
amplifier, after whole cell access was obtained. Series resistance com-
pensation was adjusted to 85% to reduce voltage errors. Slices were
continuously perfused with artificial cerebral spinal (ACSF) fluid at
34 °C.

Pressure application of potassium or glutamate was performed using
the Pico-Liter Injector PLI-10 (Warner Instruments) at an injection
pressure of 1-2 PSI for 50 ms (K+ uptake) or 500 ms (Glutamate up-
take). Uptake was recorded three times for each cell and condition.
Traces were averaged before analysis.). For recordings of evoked in-
hibitory postsynaptic currents (eIPSCs), cells were held at —40 mV in
the presence of APV (50 uM) and CNQX (20 puM). In experiments in-
volving inhibition of glutamine synthetase, slices were preincubated in
ACSF containing methionine sulfoximine (MSO, 1.5 mM) for at least
1.5 h. For experiments with exogenous glutamine application, gluta-
mine (10 mM) was applied to slices at least 15 min before recordings.
All electrophysiology experiments were performed in acute brain slices
of GBM22-bearing animals or controls. Of 36 animals in the “glioma
group”, one was excluded in this study due to the absence of a tumor.

2.8. Data analysis

2.8.1. Quantification of phospho-STAT3-positive astrocytes

To quantify pSTAT3+ astrocytes, confocal images were taken in
3-5 different slices of each animal (n = 3 animals). Per slice, 3-5
pictures were taken in 1) a region of interest (ROI) at < 300 um from
the tumor, 2) a ROI at > 300 uym from the tumor and 3) ROIs in
equivalent areas of the contralateral hemisphere. Confocal images had a
z-step size of 0.7 um and the Aldh1l1-eGFP + cells (astrocytes) and
pSTAT3 + /Aldh111-eGFP + cells (pSTAT3 + astrocytes) in the case of
Aldh111-eGFP GBM22 animals were quantified manually step-by-step
using the cell counter tool in ImageJ. In the case of Scid-D54-GFP an-
imals, astrocytes were identified as S100B + cells and were manually
quantified using the cell counter tool in ImageJ step-by-step in z-stack
images. S100B+ /pSTAT3 + cells were quantified in a similar way.
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2.8.2. Quantification of Kir4.1 gray value intensity

To quantify Kir4.1 expression, we collapsed confocal z-stack images
in a z-projection using the Nikon analysis program NIS-Elements AR
Analysis 4.40.00. Using the Graticule function (a grid where the center
is fixed and establishes 100 pum distant concentric circles from that
center), we fixed the center of the grid at the edge of the tumor in the
image and determined areas of 100, 200, 300 and 400 um from the edge
of the tumor. Using ImageJ, we quantified the mean gray value of the
areas 100, 200, 300 and 400 pm from the edge of the tumor in the
Kir4.1 channel.

2.8.3. Quantification of astrocyte proliferation

Astrocyte proliferation was assessed using immunohistochemistry
against the cell cycle protein Ki67. To quantify the number of
Ki67 + astrocytes, confocal images were taken within the cortical gray
matter in 3-5 different slices per animal, in 1) regions of interest (ROISs)
surrounding the tumor (n = 5 animals), 2) ROIs in equivalent cortical
areas of the contralateral hemisphere (n = 5 animals) or 3) Sham an-
imals (n = 3). Confocal images had a z-step size of 1 pm, stacks
spanned the entire slice, and were quantified step-by-step using the cell
counter tool in ImageJ. Cells that co-labeled for GFP/DAPI and Ki67
were considered proliferating astrocytes.

2.8.4. Quantification of western blot data

Blots were quantified with Azurespot analysis software. Images
were converted to grayscale for band quantification. Lane detection
software prevented lane overlap and accounted for the curvature of
some lanes. Rolling ball background subtraction was used for each blot
image. Automatic band detection was first used to detect band peak
gray values, followed by manual adjustment to restrict the area of band
measurement to the band edges. Gray values of each band were mea-
sured in the above-defined frames. Band gray values were divided by
band gray values of a GAPDH or tubulin loading control to determine
relative protein levels for each sample. Values for peritumoral and
contralateral samples of the same animal were paired for statistical
analysis.

2.8.5. Quantification of electrophysiology data

In potassium uptake experiments, Kir4.1-sensitive currents were
determined by subtracting the currents induced by pressure application
of potassium before and after bath application of barium. Glutamate
transporter currents were measured before and after application of
glutamate transporter inhibitors TBOA and DHK. eIPSC amplitudes
were calculated before and after burst stimulation protocol. For con-
trols, both acute slices from naive or sham-injected animals were used.
No significant differences were noted with respect to resting membrane
potential, cell capacitance, or potassium uptake currents. Hence, both
control groups were pooled. Astrocytes with input resistances of higher
than 50 MQ were excluded from the analysis (typical input resistances
ranged from 5 to 25 MQ), as were astrocytes that died within 5 min
after the cell was opened or before the experiment was completed, e.g.
astrocytes were excluded for analysis of glutamate uptake if the cell
died or increased in input resistance by more than 15 MQ before the
TBOA/DHK inhibitor was washed in and the glutamate uptake current
was recorded in the presence of the inhibor.

2.8.6. Experimental design and statistics

This study was not pre-registered. Animals were assigned to a cage
randomly when weaned. Before the experiment, cages were randomly
distributed into experimental groups (“Sham” and “glioma”). For each
experiment, groups included “Control” and “glioma” animals, except
for pSTAT3, Sox9, C3, and cleaved-caspase 3 stainings and western blot
analysis, in which the glioma-bearing hemisphere was compared to the
contralateral hemisphere. A total of 44 animals (8 shams and 36 glioma
animals) were used. Control animals were either injected with sterile
PBS free of glioma cells (sham) or left naive since intracranial injections
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Tissue Collection Fig. 1. Timeline and experimental design.

. IHC ,RNAscope(n=3-6, tumor CL+ PT; n=3-6 Shams)

wa Electrophysiology (n=36 tumor/ 1 excluded, n=8 Shams)

Aldh111-eGFP-Scid male and female mice were
inoculated with GBM22, D54-GFP or D54-
tdTomato at 8-12 weeks of age. Animals were
sacrificed 2-4 weeks after inoculation with the
exact time based on weight loss, which is in-
dicative of tumor growth. Brains were collected
for immunohistochemistry, electrophysiology,
RNAScope (fluorescent in situ hybridization) or
Western blot analysis.

2-4 weeks

[
8-12 weeks
old

of any kind will induce astrogliosis and scar formation along the needle
track. In every injection session, glioma animals were injected before
sham animals. Tumors were allowed to grow for 2-4 weeks. Animals
were euthanized for experiments once they started losing weight, which
indicated tumor growth (Fig. 1). Sample sizes were chosen based on
previous studies (Kimbrough et al., 2015; Watkins et al., 2014).

Data were tested for normal distribution wusing the
Kolmogorov-Smirnov (KS) normality test. Statistical tests were chosen
as appropriate and are specified in the results or figure legends. Unless
stated otherwise, all values are reported as mean with SEM.

Statistics were computed and graphed with GraphPad Prism 7
(GraphPad Software). The significance level was set to p<0.05. Scatter
plots display individual values and bar graphs display the mean with
SEM. Statistical significance is indicated with *p<0.05, **p < 0.01,
**¥p < 0.001, ****p < 0.0001.

3. Results
3.1. Peritumoral astrocytes contribute to scar formation

To determine if glioma growth induced an astrocyte response, we
inoculated the cortical gray matter of immune-compromised scid or
Aldh111-eGFP-scid mice with two different glioma lines. Human D54
glioma cells have been classically used in many studies and GBM22 is a
patient-derived glioma xenoline that has been propagated in the flank
of nude mice rather than in culture to better maintain the original
biological properties of the tumor (Giannini et al., 2005). The im-
planted glioma cells grew into a mass within the cortical gray matter
after 2-4 weeks dependent on the cell line or success of inoculation.

The astrocytic glial fibrillary acidic protein (GFAP) is typically in-
creased in response to neurological disease and brain injury, yet ex-
pressed at low levels in the uninjured mouse cortical gray matter
(Fig. 2a, g, h). Astrocytes surrounding gliomas (peritumoral astrocytes)
responded by strongly upregulating GFAP independent of the glioma
type (Fig. 2b-i) (relative expression levels of GBM22 peritumoral tissue
normalized to GAPDH: contralateral 1.3 * 0.4 n = 6; peritumoral
6.3 £ 1.1 n = 6, two-tailed paired t-test p = 0.0054).

Astrocytes directly adjacent to the tumor mass were elongated in
morphology similar to scar-forming astrocytes surrounding focal brain
injury (Robel et al., 2015). Astrocytes in areas beyond this astroglial
scar were not elongated but hypertrophic with swollen GFAP-positive
processes (Fig. 2i). In the contralateral hemisphere, astrocytes only
upregulated GFAP when the tumor had grown so large that a midline
shift occurred (Fig. 2g, second sample set).

Hematoxylin and Eosin stainings of GBM22 and D54 tumor-bearing
tissue outline the tumors based on their acidic nature, and hence, more
deeply blue color. The peritumoral region also appears more acidic
when compared to control tissue (Fig. 2j).

3.2. Peritumoral astrocytes have a variable molecular signature

Phosphorylation of the cytokine and growth factor signal transducer

and activator of transcription 3 (pSTAT3), which regulates genes in-
volved in astrogliosis including GFAP, is essential for the formation of
astroglial scars borders in the spinal cord (Herrmann et al., 2008;
Wanner et al., 2013). To determine if pSTAT3 was increased in peri-
tumoral astrocytes, we performed immunohistochemistry and de-
termined the percentage of Aldh1l1-eGFP+ (for GBM22) or S1003+
(for D54) astrocytes that co-labeled for pSTAT3 among all Aldh1l1-
eGFP + /S100[3 + astrocytes in areas less than 300 pum distant from the
tumor, in areas more than 300 um from the tumor, and in the con-
tralateral hemisphere (Fig. 3a—e). Few astrocytes (0.95% = 0.19%)
were pSTAT3+ in the contralateral hemisphere. In GBM22-bearing
brains, we observed a gradient with almost one fifth of all astrocytes
labeled for pSTAT in astrocytes less than 300 pum from the tumor
(18.66% =+ 1.82%)(Fig. 3a,d). The percentage of pSTAT3+ astrocytes
gradually decreased with distance from the tumor as only
5.35% *+ 1.01% were pSTAT3+ (Fig. 3c). More than half of the as-
trocytes within 600 pm of a D54 glioma were pSTAT3+ (Fig. 3b,e)
(GBM one-way ANOVA, p-value < 0.0001; Bonferroni's multiple com-
parison test: peritumoral vs < 300 pm from glioma p-value <
0.0001, peritumoral vs > 300 pm p-value = n. s., < 300 um from
glioma vs > 300 pm from glioma p-value < 0.0001. D54 one-way
ANOVA p-value 0.0003, Tukey multiple comparison test: peritumoral
vs < 300 pm from glioma p-value = 0.0004, peritumoral vs >
300 pm p-value = 0.0006, < 300 pm from glioma vs > 300 pm from
glioma p-value = n. s.).

Sox9 is a transcription factor expressed almost exclusively in as-
trocytes outside of neurogenic zones of the adult human and mouse
brain and is upregulated in reactive astrocytes in models of amyo-
trophic lateral sclerosis (ALS), Parkinson's Disease, and stroke (Choi
et al., 2018; Sun et al., 2017). However, we did not detect an upregu-
lation of Sox9 expression in reactive astrocytes in close proximity or
distal to the GBM22 tumor when compared to the contralateral hemi-
sphere (Fig. 3f). In contrast, some scar-forming astrocytes directly at the
tumor border, characterized by a reduction in the fine processes and
thickened and elongated main processes, lacked Sox9 expression
(Fig. 3f, middle). Astrocytes that maintained a branched morphology
clearly labeled for Sox9. Those astrocytes were often hypertrophic with
enlarged cell bodies and nuclei (Fig. 3f, right). In the contralateral
hemisphere, we did not detect Alh1l1-eGFP-positive cells that were
negative for Sox9. However, we detected Aldh1l1-eGFP-negative cells
positive for Sox9 (Fig. 3f, left). Similarly, we found Sox9+ and Sox9-
astrocytes identified by S1003 + in the vicinity of D54 tumors (Fig. 3g).
Interestingly, GBM22 human glioma cells expressed Sox9 homo-
geneously across the tumor while D54 glioma cells were Sox9- (Fig. 3 f-
8).

Sox9 has a role in cell proliferation in some cell types (Pritchett
et al., 2011) and astrocyte proliferation occurs preferentially at a jux-
tavascular position after injury (Bardehle et al., 2013). We thus asked
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whether Sox9-expression levels might be dependent on the vicinity of
astrocytes to the vasculature. However, we found both Sox9+ and
Sox9- Aldhll1-eGFP astrocytes directly adjacent to blood vessels
(Fig. 3h).

3.3. Peritumoral astrocytes proliferate but do not appear neurotoxic

While astrocytes in the adult uninjured cortical gray matter are
post-mitotic, a subset of astrocytes re-enter the cell cycle after focal
acute brain injury. To assess if peritumoral astrocytes proliferate, brain
tissue from GBM22 tumor or sham Aldh111-eGFP-scid mice was stained
using an antibody against the proliferation marker Ki67 (Fig. 4a). The
percentage of Aldhll1-eGFP+ /Ki67+ double-positive astrocytes
among all Aldh111-eGFP + astrocytes was quantified. As expected, no
double-positive cells were found in Sham animals while almost 10% of
peritumoral astrocytes were actively proliferating at 2-3 weeks after
inoculation with glioma cells. A small number of proliferating astro-
cytes was observed in the contralateral hemisphere (Fig. 4b). Despite
astrocyte proliferation, cell numbers surrounding GBM22 tumors did
not significantly change (Fig. 4c) and we did not detect Aldhlll-
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Fig. 2. Gliomas induce astrogliosis and scar-
formation. a. Aldhl1l1-eGFP-Scid control mice
show low or no GFAP expression in the cortical
gray matter. b,c. Aldh1l1-eGFP-Scid mice in-
jected with GBM22 glioma cells showed wide-
spread astrogliosis around the tumor mass and
upregulate the astrogliosis marker GFAP.
Collapsed stacks of confocal images of 50 um
slices from PFA-perfused brain tissue. d.
Confocal image of a 300 pm acute GBM22-
bearing Aldh111-eGFP brain slice that was fixed
in PFA following electrophysiological recordings
shows an increase in GFP intensity surrounding

GBM22 in Aldh1I1-Scid
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—— - ap servations (GFAP upregulation, also see i. and
kDa h 15 enhanced GFP signal in astrocytes adjacent to

the tumor) were made when D54-GFP glioma
cells were injected (e,f n = 4). g. Western
blotting for GFAP in control and peritumoral
cortex. h. GFAP protein levels were quantified
as fold change in protein expression with
GAPDH used as a loading control (g,h n = 6). i.
High magnification images of GFAP labeling in a
slice from a D54-tumor bearing animal indicated
elongation of astrocytic processes and scar-for-
mation along the tumor border (n = 4). j.
Hematoxylin & Eosin staining of Shams, GBM22
and D54 tumor-bearing mice (n = 3 in each
group).
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eGFP + astrocytes positive for the apoptosis marker activated Caspase
3, although we occasionally observed labeled GBM22 or D54 tumor
cells indicating that the staining worked (Fig. 4d). This suggests either
that GBM22 and D54 tumors did not induce astrocyte cell death or that
we were unable to capture astrocyte cell death with this technique.

We next determined if peritumoral astrocytes labeled positive for
C3d, a marker that was previously characterized as marker of “neuro-
toxic” astrocytes (Clarke et al., 2018; Liddelow et al., 2017). We used
two different antibodies (see reference in Table 1). While we occa-
sionally observed C3d + cells within the GBM22 tumor mass, Aldh111-
eGFP + astrocytes within, close to, or farther away from the tumor
mass did not co-label for C3d with either of the antibodies used
(Fig. 4d).

In summary, D54 and GBM22 glioma growth induced pronounced
scar-formation of astrocytes directly adjacent to the tumor. These as-
trocytes were characterized by morphological changes, increased ex-
pression of phosphorylated STAT3 and GFAP, and a subset proliferated.
Some of the scar-forming astrocytes lacked Sox9 expression. Their cell
bodies and processes were hypertrophied and elongated. Astrocytes in
subsequent rows were activated as well, yet their morphology was
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changed to a lesser degree, and fewer astrocytes labeled positive for
pSTAT3 in GBM22 but not D54, while all expressed Sox9.

3.4. Potassium uptake is reduced in peritumoral astrocytes

Several studies have shown that reactive astrocytes display im-
paired astrocytic potassium and glutamate homeostasis contributing to
neuronal hyperexcitability and seizures (Ortinski et al., 2010; Robel
et al., 2015). Yet, astrogliosis is a heterogeneous process and functional
changes can vary dependent on the disease context and distance to the
site of injury (Burda and Sofroniew, 2014). To elucidate if reactive
astrocytes surrounding tumors are impaired in function contributing to
the enhanced excitatory drive causing tumor-associated epilepsy, we
used a combination of RNAScope, immunohistochemistry, western blot,
and electrophysiological recordings to assess whether potassium and
glutamate uptake is intact.

Whole-cell patch clamp recordings from astrocytes in Aldhlll-
eGFP-scid mice 0-500 um distant from the GBM22 tumor border or in
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Fig. 3. Phospho-STAT3 and Sox9 expression
patterns in reactive astrocytes at different dis-
tances from the tumor. a. Confocal images of
PSTAT3 + cells in a GBM22 mouse brain slice. b.

g Confocal images of pSTAT3+ cells in a D54

80 e I mouse brain slice. Dashed lines define tumor

. border and distance of 300 um from the tumor.

60 c. Quantitative analysis of pSTAT3-positive as-

" 40 trocytes (Aldhlll-eGFP in GBM22, S100f in
T D54) in the peritumoral area 300 pm from the
" 20 tumor (PT < 300 pym) and in the peritumoral
area further than 300 pm from the tumor border

(PT > 300 um) compared to the contralateral

D54
vy area (CL). d. Confocal images of Aldhlll-
eGFP + brain slices co-labeled for pSTAT3 in a
GBM22 peritumoral area. Unspecific magenta
staining can be detected within blood vessels. e.
Confocal images of S100B+ brain slices co-la-
beled for pSTAT3 in a D54 peritumoral area.
White arrows point to pSTAT3 + astrocytes. f,g.
Confocal images of Sox9+ cells in (f) an
Aldh111-eGFP GBM22 or (g) D54 brain slice.
Red arrows point to Sox9-positive astrocytes.
White arrows point to hypertrophic astrocytes
lacking Sox9. The white square shows a high
magnification view of one of these astrocytes. h.
Aldh111-eGFP GBM22 brain slices co-labeled
with Sox9 and the endothelial cell marker CD31.
(all panels, n = 3 mice per group).

controls were performed in acute brain slices. Cell capacitance, which
correlates with cell size, was unchanged (control C = 15.33 * 1.13 pF
n = 29; peritumoral astrocytes C = 13.54 + 1.26 pF n = 36; two-
tailed Mann-Whitney test, p = 0.0687) suggesting that although as-
trocyte cell bodies appeared enlarged close to the tumor, the loss of
peripheral processes resulted in a lack of net increase of the membrane
surface (Fig. 2b and c, 5f, 6g, 7g). This differs from hypertrophied re-
active astrocytes without obvious morphological changes, which dis-
play an increased cell capacitance, suggesting that their membrane
surface is enlarged compared to controls (Robel et al., 2015).
Astrocytic potassium (K*) conductance is mediated by the barium-
sensitive potassium channel Kir4.1 (Olsen and Sontheimer, 2008),
which is thought to be responsible for the resting membrane potential
(RMP) of astrocytes, averaging around —80 mV. While most of the
astrocytes that were recorded in the vicinity of the tumor had a RMP
comparable to control astrocytes, a subset of cells was notably depo-
larized. These cells were often very close to the tumor, were enlarged
and had elongated main processes. The average RMP (Fig. 5a) was
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Fig. 4. Peritumoral astrocytes re-enter the cell
cycle, do not undergo apoptosis or express C3d.
a. Confocal image of Aldh111-eGFP + astrocytes
co-labeled with the proliferation marker Ki67 in
the cortical gray matter surrounding a Jx22
glioma revealed that a subpopulation of peritu-
moral astrocytes proliferated. White arrowhead
points to a Aldhll1-eGFP Ki67 double-positive
astrocyte. b. Quantitative analysis of the per-
centage of Aldhll1-eGFP Ki67 double-positive
astrocytes among all astrocytes. ¢. Quantitative
analysis of the number of Aldh111-eGFP + cells
per mm3 in Sham, peritumoral area and con-
tralateral. Difference in the astrocytic density
was not detected (a,b,c n = 10 glioma, 5 sham).
d. Confocal image of Aldh1l1-eGFP + brain
slice labeled with cleaved-caspase-3 antibody,
an apoptotic marker, shows a lack of Aldh1l1-
eGFP astrocytes co-labeled with cleaved-cas-
pase-3. Some GBM22 glioma cells label positive
for cleaved-caspase-3. White arrows point a
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cleaved-caspase-3 + tumor cell and a Aldh111-eGFP + astrocyte without cleaved-caspase-3 labelling. e. Confocal images of Aldh111-eGFP + brain slices co-labeled
with two different C3d antibodies (left and right), a marker for neurotoxic astrocytes demonstrates a lack of C3d labeling in Aldh111-eGFP-positive astrocytes. High
magnification panels show increased immunoreactivity within the tumor mass and at the border that appears to be unspecific and in between Aldhlll-

eGFP + astrocytes (d,e n = 3).

slightly but significantly reduced in peritumoral astrocytes
(RMP = —-73.96 * 0.68 mV n = 107) when compared to control
astrocytes (control RMP = —76.22 * 0.44 mV n = 52; two-tailed

Mann Whitney test, p = 0.0396).

To directly assess K*-uptake, we challenged astrocytes in tumor-
bearing and control acute brain slices with pressure applied K*
(125 mM KCl), which induced an inward current under voltage-clamp
conditions (Fig. 5b). The number of ions that moved across the mem-
brane can be determined from the charge transfer, i.e. the area of the
Ba®* -sensitive current induced by the puff. There was a decrease in the
number of K* ions moving across the membrane in peritumoral com-
pared to control astrocytes (control 1.64 = 0.25 fmol K+, n = 12;
peritumoral astrocytes 0.78 + 0.14,n = 24, two-tailed unpaired t-test,
p = 0.0022 (Fig. 5b and c).

We next performed RNA, immunohistochemical and Western blot
analyses to determine whether Kir4.1 RNA and protein levels were
changed in tissue surrounding GBM22. We used fluorescent in situ
hybridization (RNAScope) with probes detecting KCNJ10, the gene
encoding Kir4.1, to determine if KCNJ10 transcript copy numbers
might differ in astrocytes depending on distance to the tumor. We found
that transcript density was reduced in peritumoral areas (0-300 pm
from the tumor border) compared to contralateral areas in GBM22
tumor animals (Fig. 5d and e). However, total Kir4.1 protein expression
as determined by Western blot analysis was increased in peritumoral
tissue collected 0-500 um from the tumor boundary (Fig. 5f and g;
relative expression levels of GBM22 peritumoral tissue normalized to
GAPDH: contralateral 1.2 + 0.2 n = 6; peritumoral 2.7 + 0.5n = 6,
two-tailed paired t-test p = 0.0301).

Given the pronounced changes in astrocyte morphology at the
tumor border (Figs. 2-4), we next used immunohistochemistry to de-
termine if Kir4.1 protein mislocalization might account for reduced K+
uptake. We noted areas of low and high Kir4.1 signal intensity sur-
rounding the GBM22 and D54 tumors (Fig. 5h and i). Mean Kir4.1 gray
value intensities were measured in regions of interest (ROI) in 100 pm
increments 0-400 um from the GBM22 and D54 tumor border. Kir4.1
Signal intensity measurements did not indicate a clear and consistent
gradient, which is reflected in the lack of a significant average change
in Kir4.1 intensity at different distances and a high variability from data
point to data point, which confirms our IHC observation of micro-areas
devoid of Kir4.1 next to areas with Kir4.1 signal (Fig. 5j and k).

Taken together with the data showing reduced transcript numbers
per area, this suggests that, in some small areas surrounding the tumor,

KCNJ10/Kir4.1 is reduced or lacking in fine astrocytic processes that
normally cover the brain surface. Yet, protein reduction does not occur
in consistent concentric circles from the tumor border. Increased total
Kir4.1 protein might be due to increased translation from the remaining
KCNJ10 transcripts in the Kir4.1-high micro areas (Fig. 5k).

Lastly, we assessed if Kir4.1 deficient areas had reduced neuronal
densities. Similar to previous studies (Campbell et al., 2015; Tewari
et al., 2018), it appeared that Nissl + cells were reduced in density
close to the tumor, an area that also often showed a reduction in Kir4.1
signal, especially in D54 tumor-bearing mice (Fig. 5k, right panel).
Other areas with decreased Kir4.1 immunohistochemistry appeared to
have regular Nissl densities (Fig. 5k, left panel). This variability may be
explained by potential differences in the length of time that neurons
were exposed to astrocytes limited in their ability to buffer potassium.

3.5. Glutamate uptake is impaired in peritumoral astrocytes

Two astrocytic glutamate transporters, Glt-1 (EAAT2, Slcla2) and
Glast (EAAT1, Slcla3) are responsible for the vast majority of glutamate
uptake tightly regulating the concentration of this excitatory neuro-
transmitter in the extracellular space (Danbolt, 2001). We previously
showed in a model of genetically-induced astrogliosis that glutamate
uptake is impaired in hypertrophic non-proliferative reactive astrocytes
(Robel et al., 2015). High extracellular glutamate can lead to neuronal
hyperexcitability, seizures and excitotoxicity (Buckingham and Robel,
2013). Previous studies from our lab showed that extracellular gluta-
mate is elevated in acute brain slices of tumor-bearing mice, driving the
development of tumor-associated epilepsy (Buckingham et al., 2011)
and that brain imaging of patients with glioma demonstrates elevated
glutamate (Robert et al. 2015). Under normal conditions, astrocytes are
capable of buffering glutamate concentrations comparable or higher
than those measured in the extracellular space of glioma-bearing mice
(Yao et al., 2014; Ye and Sontheimer, 1998).

To determine if peritumoral reactive astrocytes impaired in gluta-
mate uptake are contributing to increased levels of extracellular glu-
tamate, we compared the magnitude of glutamate uptake in control and
peritumoral astrocytes. Whole-cell patch-clamp recordings from eGFP
+ astrocytes were performed in acute brain slices from tumor-bearing
or control Aldhl1l1-eGFP-scid mice. High glutamate concentrations
(200 pM) were applied extracellularly using a puffing pipette, and up-
take currents were recorded in peritumoral and control astrocytes while
blocking K* uptake with BaCl,, and neuronal activity with TTX, D-AP5,
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Fig. 5. Peritumoral astrocytes are impaired in potassium uptake. a. Bar graph showing the resting membrane potential (RMP) of peritumoral and control astrocytes.
b. Potassium current traces elicited by a 50 ms puff of 125 mM KCl before (black) and in the presence of 100 uM Ba®* (blue) in control and peritumoral astrocytes.
Cells were voltage-clamped at —80 mV. c. Quantification of potassium uptake. d. Quantification of KNCJ10 (encodes Kir4.1) transcript numbers. e. Representative
images of RNAScope (fluorescent in situ hybridization) using probes for KCNJ10. Each small fluorescent dot represents one transcript f,g. Western blot and
quantification of Kir4.1 protein in peritumoral cortex compared to the contralateral hemisphere (CL). h. Immunofluorescence and confocal microscopy of Kir4.1 in
the peritumoral and contralateral cortex of Aldh1l1-eGFP GBM22 mice. i. Immunofluorescence and confocal microscopy of Kir4.1 in the peritumoral and con-
tralateral cortex of D54 mice. j. Quantification of Kir4.1 signal intensity. k. Double-staining of Kir4.1 and Nissl to assess neuronal density in slices of D54-inoculated

mice.

bicuculline, and CdCl,. Recordings were repeated after blocking glu-
tamate transporters with the inhibitors TBOA and DHK (Fig. 6a). The
amount of glutamate taken up was calculated from the TBOA/DHK-
sensitive component of the area under the curve and was significantly
reduced in peritumoral astrocytes (Fig. 6b) (control 1.813 + 0.45 fmol
glutamate, n = 20; peritumoral 0.1306 * 0.1333, n = 17, Mann-
Whitney test, p < 0.0001).

10

We next performed immunohistochemical and Western blot ana-
lyses to determine whether Glt-1 and Glast protein levels were changed.
In protein lysates from peritumoral tissue collected 0-500 pm from the
tumor boundary, neither Glt-1 nor Glast levels were changed when
compared to the contralateral hemisphere (Fig. 6¢—f, 5 ug Glt-1 relative
expression levels of GBM22 peritumoral tissue normalized to GAPDH:
contralateral 1.1 = 0.1 n = 6; peritumoral 0.9 = 0.1 n = 6, two-
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a b c d Fig. 6. Glutamate uptake is impaired in peritu-
Z00RMEGIUS00MS moral astrocytes. a. Recordings of glutamate
o currents evoked by a 200 uM puff of glutamate
§ .% 20 -% 2.0 for 500 ms from control (top) and peritumoral
'E ° ° astrocytes before (black) and after the applica-
aE> 245 ; 1.5 tion of the glutamate transporter inhibitors
3 6' g TBOA and DHK (blue). Cells were voltage-
200 uM Glu 500ms S 8’1'0 o 1.0 clamped at —80 mV. b. Quantification of the
% §0.5 E 0.5 amount of glutamate that moved across the
3 _g g membrane in control and peritumoral astro-
E Gir I;T E 0.0 r—— E 0.0 St PT cytes. c-f. Western blot showing no significant
ACSF +500nM TTX, 100um CdCI2, 9] change in Glt-1 (c,e) and Glast (d,f) protein
50um AP-5, 20um Bicuculline, 100um BaCl2 expression in the peritumoral cortex compared
+1004m TEOA; 400um.BHK to contralateral cortex. g. Confocal imaging of
Glt-1 (magenta) and Glast (cyan) expression in
€ Glt-1 f CLPT CLPT CLPT CLPT CLPT CLPT Glast contralateral and peritumoral cortex in Aldh111-
260 _CLPT.CLPT CLPT.CLPT CLRT.CLPT ftramer - S B[ | tetamer eGFP mice. High density DAPI-positive nuclei
100 W | dimer 50| - W | dimer demarcate the tumor border (n = 4).
75 =
50| monomer 100 B - monomer
1 ey o =] Gapdh ﬂl——-—-—b-----] Gapdh
kDa kDa
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Contralateral

Aldh1l1-eGFP

DAPI| Aldh1l1-eGFP
DAPI| Aldh111-eGFP

DAPI

tailed paired t-test p = 0.2136; 10 pg Glast relative expression levels of
GBM22 peritumoral tissue normalized to GAPDH: contralateral
0.9 £ 0.2n = 6; peritumoral 0.9 = 0.5n = 6, two-tailed paired t-test
p = 0.7807). Using immunohistochemistry, no obvious differences in
Glt-1 intensity was noted in astrocytes adjacent to the tumor. Yet, as-
trocytes within the tumor mass appear to have lost their fine processes
and Glt-1 expression within those (Fig. 6g). Glast appeared upregulated
within the soma and main processes of scar-forming astrocytes directly
facing the tumor (Fig. 6g).

These data suggest functional impairment of glutamate uptake by
peritumoral astrocytes is likely due to changes in localization of glu-
tamate transporter or lack of fine astrocytic processes. The unchanged
overall Glt-1 and Glast expression levels highlight the importance of
assessing function of these transporters rather than relying on Western
blot data as a proxy for glutamate uptake.
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w
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Aldh111-eGFP

GBM22 Peritumoral

3.6. Glutamine synthetase function is impaired in peritumoral astrocytes

Under physiological rates of activity, the inhibitory synaptic func-
tion of GABAergic neurons depends on intra-terminal glutamate. After
synaptic release, glutamate is taken up by astrocytes and converted to
glutamine by the astrocytic enzyme glutamine synthetase (GS).
Glutamine is then released by astrocytes into the extracellular space.
The glutamate-glutamine cycle is necessary and rate limiting for the
synthesis of the inhibitory neurotransmitter gamma-aminobutyric acid
(GABA) by inhibitory neurons (Ortinski et al., 2010). We previously
demonstrated a reduced inhibitory drive in peritumoral neurons
(Campbell et al., 2015), and defective glutamine synthetase function
results in a lack of inhibition resulting in hippocampal hyperexcitability
after virally induced astrogliosis (Ortinski et al., 2010) Thus, we next
asked if astrocyte-dependent synthesis of the GABA precursor gluta-
mine was disrupted in peritumoral reactive astrocytes.

To determine if peritumoral glutamine production was altered to
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Fig. 7. Glutamine Synthetase function is im-
paired in peritumoral astrocytes. a. Plot of eIPSC
amplitude recorded before and after train sti-
mulation (15 min of 50 Hz and 4 pulse train
with 20 s interval) in sham and peritumoral
neurons after acute brain slices were incubated
in the Glutamine Synthetase (GS) inhibitor me-
thionine sulfoximine (MSO) for at least 90min.
b. Quantification of post-train eIPSC amplitude
normalized to pre-train amplitude. c.
Representative traces of eIPSCs from peritu-
moral neurons after adding glutamine before,
during and after train stimulation. Traces are
averages of 5 consecutive traces before and im-
mediately after train stimulation, and the first
and last 5 traces of train stimulation.
Application of glutamine increases the ampli-
tude of eIPSCs during and after train stimula-

N
o

N
o

o
)

o
o

CL PT

CLPT|

CLPT|ICLPT

50

s0pAL kDa |

100 ms

N
o
o

AYAN

NN

glutamine

o

elPSC amplitude (pA)

pre post
train

Contralateral

Aldh111-eGFP GS
Aldh1l1-eGFP GS

GBM22 Contralateral GBM22 Peritumoral D54 Contralateral

.

affect inhibitory tone, slices were incubated in Methionine sulfoximine
(MSO) (1.5 mM) for at least 90 min to block glutamine synthetase ac-
tivity. To generate physiological rates of inhibitory activity observed
during behavioral states (Bartos et al., 2002; Klausberger et al., 2003),
we used a repetitive train stimulation protocol. Following baseline re-
cordings (0.05 Hz), we elicited a train of four pulses of 50-Hz trains
repeated at 20 s intervals for 15 min in peritumoral and control neu-
rons. In the presence of MSO, evoked Inhibitory Postsynaptic Current
(eIPSC) peak amplitude decreased significantly more in control com-
pared to peritumoral neurons following the train stimulation protocol
(Sham: 56.44 + 2.49%, n = 6 vs peritumoral: 79.96 * 7%, n = 8 of
pre-train stimulation amplitude respectively, p = 0.002, Fig. 7a and b).
This suggests that glutamine supply from astrocytes impaired reloading
of GABA during high rates of activity in sham neurons. In peritumoral
neurons, such pronounced difference between eIPSC peak amplitudes
before and after MSO was not observed (Fig. 7a and b) indicating that
peritumoral neurons were impaired in glutamine synthetase function
even before MSO application. To test this hypothesis, we exogenously
applied glutamine (10 mM, 15 min) to the ACSF to bypass the astrocytic
supply of glutamine before evoking IPSCs, followed by the train sti-
mulation. Application of glutamine in peritumoral neurons significantly
increased the post-train amplitude of eIPSCs (37 * 7% of pre-burst
stimulation amplitude, p = 0.03, n = 6, Fig. 7c and d). In the presence
of glutamine, the amplitude of eIPSCs during the train also increased

GS
GS
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GBM22 Peritumoral

| Tubulin tion. d. Quantification of glutamine-induced

change in eIPSC amplitude in response to train
stimulation in peritumoral neurons. e,f. Western
blot analysis and quantification of glutamine
synthetase in contralateral and peritumoral
cortex. g. GBM22 and D54 slices were stained
with glutamine synthetase antibody followed by
confocal microscopy demonstrating redistribu-
tion of the protein into the cell body and main
processes of GBM22 peritumoral astrocytes
while GS. h. High magnification images of GS in
peritumoral astrocytes surrounding GBM22 tu-
mors and in the contralateral hemisphere. i.
High magnification images of GS in peritumoral
astrocytes surrounding D54 tumors and in the
contralateral hemisphere. Significantly higher
GS levels in D54 peritumoral astrocytes required
different image settings compared to the GBM22
samples to demonstrate protein distribution.

50pum

D54 Peritumoral

(Fig. 7d). This result suggests that peritumoral astrocyte-dependent
glutamine production is altered and exogenous application of glutamine
can restore the associated decrease in inhibitory synaptic function.

To determine if diminished glutamine synthetase function resulted
from reduced expression of this enzyme, we performed Western blot
analysis. No significant changes in glutamine synthetase protein levels
were observed in GBM22 peritumoral cortex compared to the con-
tralateral hemisphere (Fig. 7e and f, relative expression levels of 5 ug
GBM22 peritumoral tissue normalized to tubulin: contralateral
0.9 = 0.15n = 6; peritumoral 0.8 + 0.03 n = 6, two-tailed paired t-
test p = 0.6018). Despite unchanged overall glutamine synthetase le-
vels, scar-forming astrocytes adjacent to GBM22 tumors displayed
striking loss of the enzyme in their fine processes and redistribution into
the swollen cell body and main processes (Fig. 7g). Interestingly, this
was in contrast to immunohistochemistry performed in D54-inoculated
brains. Here, peritumoral astrocytes appeared to have hugely increased
overall GS levels (data not shown). Levels are also highest in the soma
and main processes (Fig. 7g). Future studies will determine if different
glioma types affect astrocyte GS function in variable ways.

In summary, in astrocytes surrounding GBM22, glutamine produc-
tion was impaired due to changes in glutamine synthetase location and
likely exacerbated by the lack of glutamate uptake into peritumoral
astrocytes resulting in both an enhanced excitatory drive due to ele-
vated extracellular glutamate (Buckingham et al, 2011) and the
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decreased activity of inhibitory interneurons (Fig. 7 and (Campbell
et al., 2015)) which was rescued by exogenous application of gluta-
mine. These data point to a crucial role for astrocytes in offsetting the
balance between neuronal inhibition and excitation in tumor-associated

epilepsy.
4. Discussion

For more than a decade, astrocytes have been implicated in epilepsy
and evidence of their causative role in epilepsy and many other neu-
rological diseases is mounting (Liddelow et al., 2017; Rothstein, 1995;
Tong et al., 2014). Glioma is distinct from other inducers of acquired
epilepsies such as trauma or stroke given the bidirectional dynamic
signaling that brain and glioma cells exert on each other (Cuddapah
et al., 2014; Rosati et al., 2009). Here, we asked if astrocytes sur-
rounding glioma lose their homeostatic functions and if this astrocyte
response is different from astrocyte dysfunction in other neurological
diseases.

4.1. Scar-formation and epilepsy

Similar to other focal injuries (Burda et al., 2015; Sofroniew, 2009),
we found that glioma induced morphologically and molecularly distinct
types of reactive astrocytes. In contrast to the gradient of severity of
astrocyte changes that depends on the distance to focal injury, mole-
cular changes in peritumoral astrocytes was variable. The glial scar
surrounding a glioma is highly dynamic given the constant growth of
the tumor, unlike the permanent and stable glial scar that forms after
other types of focal injury (Fig. 8).
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Within the glioma-bearing hemisphere but > 500 um distant from
the tumor border, most astrocytes were moderately reactive and ap-
peared relatively homogeneous in morphology and expression levels of
intermediate filaments. These astrocytes were pSTAT3-negative in
GBM22, Sox9-positive, did not proliferate, and lacked elongated pro-
cesses. About half of the astrocytes > 500 um distant from the D54
tumor border were pSTAT3-positive but otherwise similar to GBM22
peritumoral astrocytes distant from the tumor.

Variability was observed of the reactive changes in astrocytes in
direct vicinity of a glioma. Astrocytes at the tumor border either formed
a scar or appeared more similar to moderately reactive astrocytes,
presumably when they were exposed to glioma cells for a shorter period
of time.

Scar-forming astrocytes directly at the glioma border had pro-
nounced elongation of their main processes. Finer processes appeared
reduced in density based on reporter labeling in Aldh1l1-eGFP-scid
GBM22 mice and lack of expression of other membrane-associated
proteins including Glt-1, Glast, and Kir4.1. Elongated processes were
either oriented perpendicular to the tumor mass or appeared to run
along the tumor border. One fifth (GBM22) to about half (D54) of the
astrocytes within this area were positive for pSTAT3 and about 10% of
astrocytes at the tumor border proliferated.

Penetrating brain injury, spinal cord injury or stroke induce similar
scar formation. Here, pSTAT3-positive, proliferating, and “palisading”
astrocytes form long thickened processes that perpendicularly orient
toward the injury and finer processes can be lost (Oberheim et al., 2008;
Robel et al., 2011; Sun et al., 2017; Wanner et al., 2013). Interestingly,
Oberheim et al. correlated such morphological changes in astrocytes
with seizure development in different models of epilepsy (Oberheim

Tumor bearing side

Reactive
astrocytes{ 7> & ’
gl

Glutamine
Nsynthetase

( 7 Proliferative
astrocytes

Contralateral R

Fig. 8. Working model depicting the dynamic glioma-astrocyte interface.

Peritumoral region in close proximity to the tumor mass consists of mixed populations of proliferating and scar-forming reactive astrocytes characterized by
elongated processes and swollen cell soma. Astrocytes at farther distances from the tumor border differ in their molecular profile and lack drastic changes to their
morphology. The transcription factor STAT3 is phosphorylated in subset of scar-forming astrocytes that is larger and reaches farther in D54 tumors when compared to
GBM22. Astrocytes in the contralateral hemisphere are not pSTAT3-positive. Another transcription factor, Sox9, that labels astrocytes selectively is downregulated in
a small subset of scar-forming astrocytes at the tumor border. Glutamine synthetase (GS) expression appeared higher in the cell bodies compared to the processes in
scar-forming astrocytes, which is the reverse of the otherwise homogenous expression in contralateral astrocytes. Reactive astrocytes in the peritumoral region
exhibit impaired potassium and glutamate uptake due to reduced Kir4.1 protein in some areas and altered localization of glutamate transporter Gltl respectively,
which leads to accumulation of glutamate and potassium in the extracellular environment, thereby contributing to peritumoral hyperexcitability.
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et al., 2008). Fine astrocyte processes are part of the tripartite synapse
and enwrap ~100,000 synapses within a single astrocyte domain. It is
thus likely that the loss of astrocyte complexity as observed in scar-
forming astrocytes causes spill-over of neurotransmitters or reduced
potassium-uptake as observed in our study, which can contribute to
hyperexcitability.

Other studies report that the transcription factor Sox9 increases in
reactive astrocytes in amyloid lateral sclerosis (ALS), a mouse model of
stroke, and in Parkinson's Disease (Choi et al., 2018; Sun et al., 2017).
Interestingly, Sox9 expression was varied in peritumoral astrocytes.
Astrocytes close to a tumor, which still had a bushy morphology and
appeared hypertrophic but not elongated, expressed Sox9. Yet, scar-
forming astrocytes, which had lost their finer processes, sometimes
lacked the transcription factor Sox9 (GBM22 and D54, yet less frequent
in D54). This loss of Sox 9 is possibly unique to peritumoral astrocytes.
However, previous studies do not show high resolution microscopy of
astrocytes at lesion sites, nor do they quantify the portion of reactive
astrocytes expressing Sox9, which makes it difficult to judge whether
indeed all reactive astrocytes express Sox9 in the context of ALS, stroke,
or Parkinson's Disease.

Thus, for future studies, Sox9 might be informative in determining
the “age” of the tumor-astrocyte border with Sox9-positive astrocytes
interfacing with a newly grown tumor and astrocytes losing Sox9 after
they have been exposed to the tumor for longer periods of time.

4.2. Potassium uptake, resting membrane potential and cell proliferation

The loss of Kir4.1 function is pathologically relevant and associated
with other forms of epilepsy and neurological disorders that present
with seizures. To name but a few, in Huntington's disease, reduced
expression and function of the Kir4.1 potassium channel even in the
absence of astrogliosis is associated with impaired medium spiny
neuron function (Tong et al.,, 2014) and in a murine model of the
neurodevelopmental disorder Rett syndrome, Kir4.1 expression and
barium-sensitive Kir4.1 currents were decreased (Kahanovitch et al.,
2018).

We found that peritumoral astrocytes were functionally more se-
verely impaired than our previous results indicated in a mouse with
genetically induced astrogliosis, which caused spontaneous recurrent
seizures (Robel et al., 2015). In this model, astrocytes are clearly hy-
pertrophic and positive for many astrogliosis markers, yet do not enter
the cell cycle or form scars, and potassium uptake and resting mem-
brane potential (RMP) were intact (Robel et al., 2009). Mature astro-
cytes in the healthy adult brain and spinal cord have a resting mem-
brane potential of —85mV, which is close to the K* equilibrium
potential and established by Kir4.1 (Olsen et al., 2007; Olsen and
Sontheimer, 2008). GBM22 and D54 peritumoral reactive astrocytes
had lower average RMPs with a subset of astrocytes being notably de-
polarized and a reduced K* uptake capacity when compared to control
astrocytes.

An interesting link between Kir4.1 expression levels, the resting
membrane potential, and a cell's capacity to proliferate exists. During
postnatal development, murine glial progenitors continue to divide for
about one week before they exit the cell cycle and mature. Dividing
cells have resting membrane potentials of —30 to —50mV, relatively
positive when compared to differentiated cells (MacFarlane and
Sontheimer, 1997; Sontheimer et al., 1989). Astrocyte maturation is
correlated to cell-cycle exit associated with a negative shift in resting
potential and the upregulation of Kir4.1, which is expressed strongly in
all brain regions by postnatal day 30 (Nwaobi et al., 2014). After injury,
it has been difficult to directly correlate ion channel function with
proliferation at a single cell level in situ, as only a subpopulation of
reactive astrocytes re-enters the cell cycle. Surrounding glioma, ~10%
of peritumoral astrocytes were actively proliferating, which is com-
parable to other models of focal brain injury (Bardehle et al., 2013).
Whether the proliferation of reactive astrocytes is a potentially
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beneficial reaction of the injured brain trying to repair itself or a side
effect of the downregulation of Kir channels and thus the passive ac-
quisition of immature properties remains to be determined.

The relationship between astrocytes’ ability to buffer potassium and
maintain a RMP close to the K* equilibrium potential and their lack of
proliferation appears to be consistent with our finding that non-pro-
liferative, non-elongated reactive astrocytes with unchanged RMP (in a
mouse model of astrogliosis (Robel et al., 2015)) are capable of taking
up K*, while proliferative scar-forming astrocytes surrounding a
glioma had a lower RMP and were impaired in their ability to uptake
K*. As noted above, the reduced morphological complexity of scar-
forming astrocytes, which resulted in less area covered with Kir4.1
despite increased total protein levels, might account for both impaired
potassium uptake and reduced membrane potentials.

Another recent study demonstrated disturbed potassium home-
ostasis in the context of glioma. The authors found increased expression
of the voltage-sensitive potassium channel Kv1.3 in astrocytes and
microglia surrounding GI1261 gliomas. Kv1.3 opens upon membrane
depolarization, facilitating K* release. Pharmacological inhibition of
Kv1.3 improved neuronal survival in G1261 glioma-bearing mice, pos-
sibly through restoration of Glt-1 function (Grimaldi et al., 2018).

4.3. Abnormal glutamate homeostasis affects excitation and inhibition

Glt-1 function is closely linked to glioma growth, and this is cor-
roborated by a study using the B-lactam antibiotic thiamphenicol to
increase glutamate transporter expression levels. This correlated with
increased numbers of peritumoral neurons, decreased tumor growth,
and better survival in a rat model of glioma (Sattler et al., 2013).
Glutamate and potassium homeostasis are linked, given the electro-
genic nature of the glutamate transporters Glt-1 and Glast (Zhou and
Danbolt, 2013) that requires an electrochemical gradient of potassium
and a very negative resting membrane potential for efficient function.
We demonstrated that astrocyte potassium uptake is reduced, likely
contributing to increased extracellular potassium concentrations
alongside Kv1.3 (Grimaldi et al., 2018) and a notably depolarized
resting membrane potential, both of which are detrimental to glutamate
transporter function. Additionally, a reduction in fine astrocytic pro-
cesses might affect the cell's ability to uptake glutamate. Indeed, after
the extracellular application of glutamate, glutamate uptake currents
were reduced, providing direct functional evidence for impaired glu-
tamate uptake in peritumoral astrocytes.

In glioma patients with tumor-associated epilepsy, glutamine syn-
thetase, an astrocytic enzyme important for proper processing of glu-
tamate, was significantly reduced in expression when compared to non-
epileptic GBM individuals (Rosati et al., 2009). We found that gluta-
mine synthetase, although expressed, is redistributed away from the
membrane into the astrocyte cell body and main processes, resulting in
failure to provide the GABA-precursor glutamine to inhibitory inter-
neurons similar to previous results in virally induced astrogliosis
(Ortinski et al., 2010). This led to reduced eIPSCs further contributing
to the imbalance between inhibition and excitation (Buckingham et al.,
2011; Campbell et al., 2014).

Impaired glutamate homeostasis is, in fact, commonly associated
with seizure disorders. A decrease in glutamate uptake is characterized
astrocytes in a model of focal cortical dysplasia, a neurodevelopmental
disorder presenting with seizures (Campbell et al., 2014). In models of
Rett syndrome or Alexander Disease, glutamate transporter transcripts
were reduced and glutamate clearance was abnormal (Okabe et al.,
2012) or abolished (Minkel et al., 2015; Tian et al., 2010).

5. Conclusions
In conclusion, we suggest that scar-forming peritumoral astrocytes

are severely impaired in their ability to maintain potassium and glu-
tamate homeostasis. This contributes to elevated extracellular
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glutamate and potassium concentrations, as well as decreased levels of
the GABA precursor glutamine, which resulted in decreased inhibition.
Dysfunction of peritumoral astrocytes is thus a likely contributor to
tumor-associated epilepsy.
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