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Abstract

Seizures are a serious and debilitating co-morbidity of primary brain tumors that affect most
patients, yet their etiology is poorly understood. In many CNS pathologies, including epilepsy and
brain injury, high levels of extracellular glutamate have been implicated in seizure generation. It
has been shown that gliomas release neurotoxic levels of glutamate through their high expression
of system xc-. More recently it was shown that the surrounding peritumoral cortex is
spontaneously hyperexcitable. In this review, we discuss how gliomas induce changes in the
surrounding environment that may further contribute to elevated extracellular glutamate and
tumor-associated seizures. Peritumoral astrocytes become reactive and lose their ability to remove
glutamate, while microglia, in response to signals from glioma cells, may release glutamate. In
addition, gliomas increase blood brain barrier permeability, allowing seizure-inducing serum
components, including glutamate, into the peritumoral region. These factors, working together or
alone, may influence the frequency and severity of tumor-associated epilepsy.
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Introduction

Seizures, focal, partial, or generalized, are experienced by 60-80% of glioma patients during
the course of their disease (Lynam et a/. 2007; Oberndorfer et al. 2002; Hildebrand et al.
2005; Kurzwelly et al. 2010). Primary brain tumors have an incidence rate of 18 per 100,000
by year in the United States (Porter ef a/. 2010). Approximately 60% of those tumors are
gliomas that originate from astrocytes or other glial cells. Astrocytic tumors are clinically
categorized as either low-grade or high-grade astrocytomas based on their specific
histological features (Furnari et a/. 2007). Brain tumors that originate from metastasizing
peripheral cancers also induce seizures in approximately 25% of patients (Davis et al. 2012),
and while some of the etiology of these seizures may be similar, for this review, we will
focus on the mechanisms causing glioma-associated seizures.
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The incidence of tumor-associated seizures in glioma patients appears to correlate with the
histological grade of the tumor and the tumor’s location within the brain; patients with lower
grade gliomas in cortical areas of the temporal lobe are more than two times as likely to
present with seizures, compared to patients with high-grade gliomas (Lee et a/. 2010;
Hildebrand et a/. 2005), and those with tumors located in the insular cortex are more likely
to present with seizures, especially if the tumor is on the right side. Interestingly, tumors
located within the right hemisphere have the highest correlation to seizures as the presenting
symptom (Hildebrand et a/. 2005). Several studies have determined that seizures originate
close to the tumor mass. Patt et al. (2000) used EEG dipole localization techniques to
identify the foci of epileptic activity in glioma patients and found that within a 15-minute
recording period, all patients exhibited abnormal activity consisting of sharp waves, spikes
and/or polyspikes. They found a strong correlation between tumor histological grade and
distance between the seizure foci and the tumor border; in general, the foci in low grade
glioma patients was closest to the tumor border, while most of the foci in high grade glioma
patients were found to be more distant from the border, particularly in those with glial-
derived tumors (Patt et a/. 2000). Surgical resection of the tumor leads to seizure-free
periods, however ultimately the majority of patients will again experience seizures that
coincide with tumor recurrence.

Tumor-associated Seizures

A seizure may be the first unmistakable co-morbidity that leads to tumor diagnosis, but
changes in cortical excitability likely occur well before the first convulsion. Evidence for
this can be found in some of the few studies that have attempted to model peritumoral
seizures in rodents. Studies have been limited, in part due to the difficulty of extensively
monitoring glioma-implanted animals for spontaneously-occurring events, most of which
can only be detected through EEG. In addition, rodents are thought to be far more resistant
to seizure development compared to humans. However, in 2006, Kohling et al (2006)
observed that rats, implanted intracranially with rodent C6 glioma cells and monitored by
EEG, exhibited spontaneous epileptiform discharges throughout the 12— 15 day recording
period; this activity consisted of spikes and slow waves or sharp waves lasting for several
seconds without any phenotypic convulsive behavior by the animals. In this study,
epileptiform activity was found to originate outside the tumor mass but within the
peritumoral area, identified as within 1-2 mm from the tumor border (Kohling et a/. 2006).
A more recent study by Buckingham et al (2011) used continuous EEG/video recording to
monitor mice intracranially implanted with human glioma cells. They found that 37% of
these animals showed spontaneous spiking that increased over time and that this spiking was
associated with a subtle behavioral phenotype (Fig. 1A; Buckingham et a/. 2011).

Since these studies used well-established cell lines maintained /n vitro, the absence of a
convulsive phenotype in glioma-implanted rodents may reflect the nature of how tumor cells
are maintained and propagated. Recent data from our lab shows that mice intracranially
implanted with human glioma cells, maintained as orthotopic tumors on the flanks of nude
mice, exhibit grand-mal seizures evident both in EEG recordings and in their convulsive
behavior (Fig. 1B). Orthotopically passaged xenografts, initiated at the Mayo Clinic from
patient biopsies, do not lose expression of key genes and proteins, such as epidermal growth
factor receptor (EGFR) and platelet derived growth factor receptor (PDGFRa), and they
maintain similar intracranial growth characteristics as human gliomas (Giannini et a/. 2005;
Sarkaria et al. 2007). Interestingly, mice implanted with these tumors show periods of
increased spike activity for several days preceding seizures (unpublished data). This finding
is corroborated in a human study that used EEG to detect brain wave abnormalities in
glioma patients who had no seizure history; those who exhibited irregularities later
developed seizures whereas those with normal EEGs remained seizure-free (Lynam et a/.
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2007). Tumor-associated seizures may also result from alterations in many factors and
processes within the brain environment; however, recent experimental evidence indicates
that in the tumor and in peritumoral brain, prolonged increases in extracellular glutamate
may play a pivotal role in seizure generation.

Elevated Peritumoral Glutamate

Prolonged elevations of extracellular glutamate, dysfunctional glutamate receptor signaling,
or glutamate processing, are all implicated in the development of cortical hyperexcitability,
seizures, and ultimately, neuronal death that has been noted in epilepsy, stroke, and brain
trauma, as well as in chronic neurodegenerative disorders such as Alzheimer’s and
Parkinson’s disease (Wang and Qin 2010). Elevated levels of extracellular glutamate causes
a prolonged activation of neuronal NMDA receptors that, in turn, induces the sustained
influx of Ca2* into the cell, and ultimately Ca%*-mediated excitotoxicity. In a recent study,
sustained activation of NMDARSs by glutamate was found to significantly alter the
phosphorylation state of a GABARgR subunit, resulting in this subunit’s degradation and the
loss of GABARgRSs inhibitory function (Terunuma et a/. 2010). In addition, prolonged
glutamate-activation of NMDARSs has been shown to cause a reduction in KCC2, a neuron-
specific potassium-chloride co-transporter involved in the proper functioning of GABAAR,
thereby disrupting GABAergic transmission (Lee et a/. 2011a). Peritumoral cortical
hyperexcitability has been found to result, in part, from excessive glutamate-driven
NMDAR activation in conjunction with reduced inhibitory GABAergic transmission
(Campbell et al. 2012).

Glutamate concentrations measured in microdialysates from tumor and peritumoral brain of
high-grade astrocytoma patients were significantly elevated, especially proximal to tumors
that contained areas of necrosis (Roslin et al. 2003). Further evidence of high extracellular
glutamate in peritumoral brain can be found in a study that used magnetic resonance
spectroscopy to assess the metabolic profiles of oligodendrogliomas in patients. The authors
found that glutamate concentrations were significantly increased in peritumoral regions
compared to uninvolved brain (Rijpkema et a/. 2003). In an animal model of glioma, tumor-
associated glutamate measured by microdialysis was increased almost 4-fold within the
tumor and 2-fold within peritumoral brain compared to surrounding cortex; the authors
speculate that although glutamate levels are known to be higher after an acute brain injury
from stroke or trauma, this increase is transient, whereas elevated tumor-associated
glutamate is likely to persist throughout tumor growth (Behrens et al. 2000). And finally, in
a recent study using an animal model of glioma, glutamate release from tumor-containing
acute brain slices was measured by HPLC-mass spectrometry and glutamate release from
tumor-containing slices was significantly greater compared to control, non-tumor-bearing
slices (Buckingham et a/. 2011). A number of studies investigating the source of peritumoral
glutamate have found that glioma cells, unable to take up glutamate due to their lack of
functional astrocyte-specific transporters GLT-1 and GLAST, highly express the cystine-
glutamate exchanger, system xc- through which they release cytotoxic levels of glutamate
into the extracellular space (Ye and Sontheimer 1999; Takano ef a/. 2001; de Groot et al.
2005).

System xc- is a Na+-independent cystine/glutamate exchanger composed of a regulatory
subunit, CD98, and a catalytic subunit, xCT; it serves as a key regulator of intracellular
glutathione by importing one molecule of extracellular cystine, a precursor required in
glutathione synthesis, in exchange for the obligatory release of one molecule of glutamate
(Bannai 1986; Sato et a/. 1999; for a thorough review of system xc- and it’s role in
pathological conditions, see Bridges ef al. 2012). Expression of the XxCT subunit is
significantly increased in human glioma cell lines and patient biopsies, and cultured glioma
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cells release large amount of glutamate through system xc- (Savaskan et a/. 2008; Lyons et
al. 2007; Ye and Sontheimer 1999). Glioma cells with experimentally inhibited xCT
expression released significantly less glutamate; after these cells were intracranially
implanted in rodents, these animals lived longer and showed delayed symptom development
compared to animals implanted with control cells (Savaskan ef a/. 2008). Interestingly,
animals implanted with xCT-silenced cells had similar tumor volumes as animals implanted
with unaltered gliomas, yet they showed significantly less tumor-associated edema,
indicating that system xc- has a role in the disruption of the blood brain barrier. Biophysical
recordings conducted on peritumoral neurons in acute brain slices from glioma-bearing
animals determined that neurons located closest to the tumor mass were more excitable with
a reduced latency for development of epileptiform activity that was inhibited by application
of a system xc- specific blocker, sulfasalazine (SAS), a drug that is used in the treatment of
Crohn’s disease; SAS treatment also reduced the number of spontaneous epileptic events in
glioma-implanted mice, further implicating system xc- mediated glutamate release in the
generation of peritumoral seizures (Buckingham et al. 2011; for a review of SAS in the
treatment of primary brain tumors, see Sontheimer and Bridges 2012).

Additional sources of elevated tumor-associated extracellular glutamate may be activated
microglia (Fig. 2A—-A"), which also express system xc-, and in pathological conditions,
release glutamate either through system xc- or through reverse sodium-dependent glutamate
transport (for review, see Kettenmann et a/. 2011). Activated microglia have been shown to
take up glutamate in response to injury /n vitro (Shaked et al. 2005) through a mechanism
that involves a TNF-a-dependent upregulation of the glutamate transporter Glt-1, whose
expression is normally restricted to astrocytes in the healthy brain (Persson et al. 2005;
Persson et al. 2007). However, glioma cells may inhibit the microglial response by inducing
an alternatively activated, anti-inflammatory phenotype, M2, without stimulating the
production of TNF- a and other pro-inflammatory cytokines (for a recent review on the
interactions between gliomas and microglia, see Li and Graeber 2012). Thus, it is
conceivable that invading microglia surrounding the tumor mass do not take up glutamate,
but instead may actually contribute to the high extracellular glutamate levels found in
peritumoral brain.

Astrocytic Glutamate Homeostasis

The concept that astrocytes, specifically reactive astrocytes, are involved in epilepsy has
been hypothesized for more than 40 years (Pollen and Trachtenberg 1970). In the healthy
brain, astrocytes are almost exclusively responsible for the removal of extracellular
glutamate and potassium to maintain very low extracellular concentrations. Parenchymal
astrocytes are arranged in equally spaced, non-overlapping domains for optimal coverage
(Bushong et al. 2002; Distler et al. 1991), and they possess a highly branched morphology
with their finest processes enwrapping synapses to quickly uptake glutamate and avoid the
spread of glutamate into neighboring areas. However, pathologic conditions can disrupt the
ability of astrocytes to maintain glutamate/potassium homeostasis which may ultimately
result in seizure generation (for review see Seifert ef a/. 2010).

Astrocytes express two electrogenic high-affinity sodium-dependent glutamate transporters,
Glt-1 (EAAT2) and GLAST (EAAT1) (Chaudhry et al. 1995; Rothstein ef al. 1994), both of
which take up glutamate from the extracellular space after synaptic activity (Rothstein et a/.
1996). Studies using transgenic mice have revealed that both transporters are highly
expressed in the cerebral cortex at postnatal stages. Interestingly, at that developmental
period there seems to be remarkably little overlap between GLAST and Glt-1 within
individual astrocytes, suggesting that only one transporter at a time is active (Regan et al.
2007). However the mechanisms regulating expression in individual cells remain obscure. In
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the mouse, Glt-1 promoter activity remains high or even increases in regions such as
hippocampal gray matter, but by postnatal day 25, cortical GLAST promoter activity is
significantly reduced, remaining active in the forebrain only in hippocampus and white
matter (Regan et a/. 2007). The timing and mechanisms involved in the switch between
GLAST and Glt-1 are not clear. Fate mapping studies using a knock-in mouse line that
expresses tamoxifen-inducible Cre recombinase under the endogenous GLAST promoter
(Glast::CreERT2) crossed to a GFP-reporter line, show successful recombination of cortical
gray matter astrocytes after tamoxifen administration to adult mice. These results suggest
that GLAST is expressed, at least at the transcriptome level, even in adult cortical gray
matter astrocytes (Mori et al. 2006). Genetic deletion of Glt-1 in mice results in
development of spontaneous seizures and increased susceptibility to subconvulsive doses of
the GABA antagonist pentylenetetrazole (PTZ). The most likely cause for this increased
excitability is that glutamate uptake in cerebral synaptosomes is significantly diminished,
leading to increased levels of free glutamate in the synaptic cleft and a subsequent
degeneration of hippocampal CA1 neurons (Tanaka ef al. 1997; Rothstein et al. 1996).
Spontaneous seizures have not been reported in mice that do not express GLAST, however
these animals also have an increased susceptibility to PTZ-induced seizures (Watanabe et a/.
1999), indicating that GLAST is functionally important in adult mice, albeit to a lesser
degree than Glt-1.

Once glutamate is taken up by astrocytes, it can be released back into the extracellular space
to act as a gliotransmitter for modulation of neuronal synaptic activity (Agulhon et al. 2012).
Glutamate can also be metabolized in the TCA cycle or enzymatically converted into
glutamine by glutamine synthetase (GS). Glutamine can then be shuttled back into neurons
as a precursor for either glutamate or the inhibitory neurotransmitter GABA. In the CNS, GS
is exclusively expressed in astrocytes, where it is important for glutamate metabolism and
ammonium detoxification (for an extensive review on glutamate metabolism in astrocytes,
see Coulter and Eid 2012). Ortinski et al (2010) found that in mouse hippocampus, the loss
of GS function following experimental adenovirus-induced astrogliosis resulted in
disruption of glutamine-glutamate cycling and a rapid depletion of synaptic GABA. They
reported that GABA depletion did not affect excitatory synaptic currents in CA1 pyramidal
neurons but did reduce inhibitory currents; the subsequent hyperexcitability of the
hippocampal circuit was reversed following glutamine application (Ortinski et a/. 2010).

Astrocytic potassium homeostasis

In the healthy CNS, one of the major functions of astrocytes is to optimize synaptic
transmission by tightly controlling extracellular ionic homeostasis. A single action potential
can increase the concentrations of extracellular potassium (K+) surrounding synapses by
almost 1 mM (Ransom et a/. 1995). Quiescent astrocytes maintain a strongly negative
resting membrane potential and a high resting permeability to K+ ions. The negative resting
membrane potential, near to the K+ equilibrium potential of —85mV, is largely established
and maintained by the inward rectifying astrocytic K+ channel Kir4.1 (Olsen et al., 2007,
Olsen and Sontheimer, 2008). Kir4.1 acts to support spatial K+ buffering and homeostasis in
response to elevated extracellular K+ following neuronal activity. Mice with experimentally
deleted Kir4.1 channel expression show prolonged elevations in extracellular K+ after
neuronal activity; in addition, they have hyperexcitable neurons and develop seizures
(Djukic et al., 2007). Kir4.1 function and potassium uptake are also impaired in the
hippocampal CA1 region of patients with temporal lobe epilepsy (Bordey and Sontheimer
1998; Seifert et al. 2009; Hinterkeuser et al. 2000)

The major driving force for glutamate transport across the astrocytic membrane is the
electrochemical gradient for sodium and K+ (Coulter 2012). Glt-1 and GLAST transporters
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take up glutamate more efficiently at negative resting potentials (for review, see Olsen and
Sontheimer 2008). Since the resting membrane potential is mainly established by Kir4.1, the
loss of this channel should also compromise glutamate uptake. The genetic knockdown or
pharmacologic block of Kir4.1 channel function indeed reduces glutamate uptake in cultured
astrocytes (Kucheryavykh et al. 2007). These experiments clearly demonstrate that
glutamate and K+ homeostasis are closely linked. The disruption of proper Kir4.1
functioning in astrocytes can result in increased levels of extracellular K+ and interfere with
effective glutamate removal, both of which would lead to neuronal hyperexcitability and the
generation of seizures.

Astrogliosis in the Peritumoral Brain

Astrogliosis is a normal reaction of the CNS to diverse insults, and is commonly found in
epileptic animal brains as well as in brain tissue from epilepsy patients (for recent reviews,
see Wetherington et al. 2008; Seifert et al. 2010; Coulter and Eid 2012). In animal models of
neuronal hyperexcitability, reactive astrocytes often exhibit an elongated morphology and
increased overlap of their extended processes (Oberheim et al. 2008). Upregulated
expression of the intermediate filament glial fibrillary acidic protein (GFAP) is an accepted
marker of astrocyte reactivity. In the rodent pilocarpine model of epilepsy, and in brain
samples from patients with drug resistant epilepsy, induction of GFAP gene expression was
mediated by phospho-STAT3 (Xu et al. 2011), a transcriptional regulator involved in
regulating GFAP expression in astrocytes during development and after injury. In mouse
models of glioma (Fig. 2B-C; Lee et al. 2011b), as well as in tissue of glioma patients
(Burel-Vandenbos et al. 2011; Raore et al. 2011), GFAP expression is upregulated. The
extent of GFAP increase seems to positively correlate with glioma size (Lee et al. 2011b).
Although peritumoral astrocytes also increased GFAP expression and are morphologically
reactive, their physiological changes are not well characterized. The precise changes that
occur for astrocytes to become reactive and their related functional consequences seem to be
distinct for different pathologies and need to be evaluated separately for every condition
(Sofroniew and Vinters 2010). It remains to be seen whether glutamate uptake in
peritumoral astrocytes is impaired, as it is in astrocytes within the epileptic brain.

Tumor-associated Changes of the Blood-brain Barrier

There are other factors in the peritumoral brain microenvironment that have been shown to
trigger seizures in animals, including exposure to serum components from blood-brain
barrier (BBB) disruption. In a study by Marchi et al. (2007), 25% of cancer patients injected
with Mannitol to temporarily open the BBB for chemotherapeutic drug delivery to the brain,
experienced focal motor seizures (Marchi et al. 2007). Glioma growth is accompanied by a
breakdown of the BBB (for reviews, see Lee ef al. 2009; Wolburg et al. 2009), exposing the
peritumoral brain to blood serum components such as albumin and glutamate, which may
not only induce seizures acutely, but may also initiate astrogliosis (for a review of signaling
pathways that induce gliosis, see Robel ef a/. 2011). The serum component fibrinogen has
been shown to induce reactive astrogliosis through activation of TGF-f signaling
(Schachtrup et al. 2010). TGF- binds to its receptor, which leads to upregulation of
intermediate filament expression and secretion of extracellular matrix components such as
neurocan. In addition, following experimental focal BBB disruption in the rat cortex, TGF-
BRs were found to mediate serum albumin uptake by astrocytes (Ivens ef a/. 2007). In this
model, activation of astrocytes was followed by a lasting neuronal hypersynchrony in the
absence of neuronal loss. In contrast, acute treatment of brain slices with albumin did not
affect neuronal excitability (Seiffert et al. 2004; Ivens et al. 2007), indicating that
astrogliosis precedes and is causative for neuronal hyperexcitability after BBB opening.
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Serum-exposure can also lead to the direct down regulation of Kir4.1 astrocytic potassium
channels that then increases extracellular potassium concentrations (David ef a/. 2009; Ivens
et al. 2007), which might very well contribute to the development of hyperexcitability in
these models. Strikingly, experimentally induced BBB disruption in the mouse cortex
induced neuronal hyperexcitability, epileptiform activity, and neuronal network
synchronization that was not seen in animals that were treated with a TGF-( receptor
antagonist at the time of BBB breach (David ef a/. 2009; Ivens et al. 2007; Seiffert et al.
2004). Taken together, these studies indicate that reactive astrocytes undergo numerous
morphological and physiological changes that ultimately interfere with glutamate and
potassium homeostasis and result in neuronal hyperexcitability.

Conclusions

Animal models and patient studies that look at other forms of epilepsy provide valuable
information to help us understand the underlying mechanisms of the serious and debilitating
seizures associated with gliomas. The heterogeneity of glioma cell types, grades, and the
affected brain regions all influence cortical hyperexcitability to a certain extent. On the
cellular level, there are numerous factors that might work together or alone to create the
hyperexcitable peritumoral environment. High levels of glutamate caused by gliomas and
their microenvironment play an important role in peritumoral seizure generation. Glutamate
can act acutely on peritumoral neurons by binding directly to NMDA receptors, but can also
work through more circuitous routes, all of which lead to hyperexcitability and seizures.
Glutamate is released by glioma cells via system xc- and possibly, by activated microglia.
Glutamate concentrations may also be augmented by its entry from the blood stream through
the disrupted blood brain barrier. In addition, peritumoral glutamate concentrations may
remain elevated due to the loss of glutamate and potassium uptake capabilities in
neighboring reactive astrocytes. Clearly, in this context, the many facets of glutamate
signaling and metabolic/catabolic processes present numerous therapeutic targets for
treatment of this devastating disease.
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Fig 1. Animalsimplanted with human glioma cells show spontaneous epileptic activity

A) EEG recording of a seizure from a mouse intracranially-implanted with GBM22 human
glioma cells, 15 d after implantation, and B) EEG recording showing typical spontaneous
spiking in a mouse intracranially-implanted with the human glioma cell line U251
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Fig 2. Peritumoral astrocytes and microglia are activated

A, A" and A") Microglia of tumor-implanted animals are positive for Ibal and Cd11b. They
are enriched at the tumor border and enter the GFP-positive tumor mass. B and B") Gray
matter astrocytes surrounding a glioma 3 wk after D54 tumor cell implantation become
hypertroph and upregulate the intermediate filament GFAP. C) Unaffected astrocytes of the
contralateral hemisphere are negative for GFAP.
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