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Malignant glioma remodeling of neuronal
circuits: therapeutic opportunities and

repurposing of antiepileptic drugs
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Tumor-associated epilepsy is the most common presenting symptom in patients
diagnosed with diffuse gliomas. Recent evidence illustrates the requirement of
synaptic activity to drive glioma proliferation and invasion. Class 1, 2, and 3
evidence is limited regarding the use of antiepileptic drugs (AEDs) as antitumor
therapy in combination with chemotherapy. Furthermore, no central mechanism
has emerged as the most targetable. The optimal timing of AED regimen remains
unknown. Targeting aberrant neuronal activity is a promising avenue for glioma
treatment. Clinical biomarkers may aid in identifying patients most likely to
benefit from AEDs. Quality evidence is needed to guide treatment decisions.

Epileptogenesis and oncogenesis

In the US population, three million adults are living with epilepsy (annual incidence of 67 per
100 000). Tumors are the leading cause, representing 17.5 cases of epilepsy per 100 000
per year [1]. In glioblastoma (GBM), the most common malignant tumor in the adult brain,
seizures are the presenting symptom in two-thirds of cases, and 90% of patients experience
seizures requiring medical management [2,3]. Close to half of GBM-induced epilepsy is
resistant to first-line therapy, and medication-refractory seizures have a strong negative im-
pact on cognition, quality of life, and survival. Compared with GBM, low- and high-grade
astrocytomas harboring the isocitrate dehydrogenase (IDH) 1 or 2 mutations suffer from
disproportionally high rates of epileptic seizures, imposing a substantial impact on quality of
life and ability to work. There has been a litany of poorly performing or failed clinical trials of
molecular therapies for glioma-associated epilepsy, and the only multi-institutional random-
ized studies of new epilepsy treatments over the past 5 years demonstrated a seizure freedom
rate of only 35% [4].

A multitude of studies investigating the pathophysiology of epilepsy in glioma patients have dem-
onstrated overlapping shared mechanistic pathways between tumor burden and epileptogenesis.
At the molecular level, the epileptogenic-related process includes: (i) an imbalance of excitatory and
inhibitory synaptic signals due to glutamate and GABA dysregulation; (ii) aberrant activity of
voltage-gated sodium and calcium channels; and (iii) IDH mutation status — all shared relevant
mechanisms in glioma development. In this regard, it is possible that drugs with antiepileptic prop-
erties could also affect the interlinked oncogenic pathways; therefore, representing a presently
available treatment that could be repurposed to control both seizures and tumor growth and
progression (Figure 1, Key figure). Here, we describe preclinical in vitro and in vivo data and clinical
evidence regarding the antiproliferative potential of FDA approved AEDs currently prescribed for
adult glioma patients, focusing on glioblastoma.
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Malignant gliomas cause tumor-intrinsic
and peritumoral neuronal hyperexcit-
ability and hypersynchrony through
paracrine-medicated factors and
direct electrochemical synapses,
subsequently driving malignant cell
proliferation.

The requirement of synaptic activity for
malignant glioma proliferation and inva-
sion supports pharmacological targeting
of aberrant neuronal activity as a promis-
ing avenue for glioma treatment.

Preclinical evidence suggests the FDA-
approved antiepileptic drugs, gabapen-
tin, talampanel, and valproic acid, may
show promising antitumor activity.

No specific drug mechanism appears to
provide a consistent survival benefit for
glioma patients in a clinical setting, and
the optimal timing of pharmacological
therapy targeting activity-dependent
malignant glioma proliferation remains
unknown.
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Key figure
AEDs target glioma activity
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Figure 1. This figure illustrates the shared pathogenic mechanisms underlying the antitumor effects of AEDs. Neuronal
hyperexcitability in the tumor microenvironment drives glioma progression via multiple mechanisms. As shown, various
AEDs, such as VPA, OXC, LTG, TPM, and LCM target neuronal hyperexcitability by inhibiting the abnormal activity of
voltage-gated sodium channels. Glutamate released from presynaptic terminals binds to AMPA and NMDA receptors
expressed on the postsynaptic neuron and glioma cells to promote depolarization. PER and TPM, two noncompetitive
AMPAR inhibitors, reduce the AMPA-mediated postsynaptic currents and hyperexcitability in both neurons and cancer cells,
decreasing tumor cell proliferation and invasion. PER also contributes to reduced tumor growth by decreasing tumor
microtube formation. Besides increasing the GABAergic activity, VPA blocks aberrant activation of NMDA receptors to
decrease neuronal hyperexcitability and glioma cell proliferation. In response to exaggerated neuronal activity, glioma cells
can produce the synaptogenic factor TSP-1. TSP-1-induced neuronal synaptogenesis is inhibited by GBP, which decreases
neuronal hyperactivity and glioma cell proliferation. The synaptic release of glutamate into the tumor microenvironment also
activates glial cells, namely microglia and astrocytes, to release pro-inflammatory cytokines, such as IL-1(3, IL-6, and TNFa,
inducing a proinflammatory state. AEDs such as VPA, LEV, and GBP further mediate neuronal hyperexcitability by inhibiting
proinflammatory cytokines. Besides glutamatergic dysregulation, the reduction of GABAergic inhibitory activity also
contributes to brain tumor-related epilepsy and glioma progression. GABAa receptor modulators, such as TPM and CNZ,
target GABA-mediated chloride influx into the neurons to decrease neuronal excitability and subsequent glioma cell
proliferation. Abbreviations: AED, antiepileptic drug; AMP, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CNZ,
clonazepam; GAB, y-aminobutyric acid; GBP, gabapentin; IL, interleukin; LCM, lacosamide; LEV, levetiracetam; LTG,
lamotrigine; NMDA, N-methyl-p-aspartic acid; OXC, oxcarbazepine; PER, perampanel; SV2A, synaptic vesicle glycoprotein
2A; TNFa, tumor necrosis factor-a, TPM, topiramate; TSP1, thrombospondin-1; VPA, valproic acid. Figure created with
BioRender.

Physiology and pharmacology of glioblastoma-related epilepsy

GBM, the most common and aggressive primary brain tumor, remains universally fatal, with a me-
dian overall survival (OS) of ~15 months [5]. While the standard of care, including maximal tumor
resection followed by radiation and temozolomide (TMZ), demonstrates proven benefits, all
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patients experience progression [6]. Structural and functional integration of malignant cells into
neuronal circuits is critical to GBM treatment resistance [7]. Evidence from preclinical animal stud-
ies studying GBM-associated neuronal hyperexcitability demonstrated intratumoral and
peritumoral mechanisms, including AMPA receptor-dependent neuron—glioma synaptic trans-
mission [7,8]. Neuronal hyperexcitability results in the activity-regulated release of neuroligin-3
and brain-derived neurotrophic factor (BDNF), which are required for glioma progression and in-
vasion. Neuroligin-3, in return, induces the expression of numerous synaptic genes within glio-
blastoma, which engage in synaptic communication [9]. It was subsequently discovered that
the activity-dependent transmembrane potassium depolarizations between neurons and glioma
cells are propagated throughout GBM by gap junctions between malignant cells, which form a
network of tumor microtubes [10]. Depolarization of glioma membranes assessed by in vivo
optogenetics promoted proliferation, shortening mouse survival [9]. In IDH mutant gliomas, neu-
ronal hyperexcitability is associated with the activation of NMDA receptors via the accumulation of
the d-2-hydroxyglutarate (2HG), a molecule structurally similar to the excitatory neurotransmitter
glutamate [11]. Therefore, the hyperexcitability and hypersynchrony of tumor-intrinsic and
peritumoral neurons and resulting neuronal activity-dependent GBM proliferation reported by
in vitro and in vivo preclinical studies are critical processes worthy of therapeutic targeting in
glioma patients.

Tumor-associated epilepsy is a hallmark of GBM, impacting patient morbidity and quality of life.
Approximately one-third of patients experience inadequate seizure control [12].

Recently, an enhanced understanding of the role of synaptic drivers of malignant growth, together
with the prognostic implications of GBM-related epilepsy, has prompted re-evaluation of the
FDA-approved AED therapies targeting tumor growth. AEDs, such as levetiracetam (LEV) and
valproic acid (VPA), have demonstrated synergy with alkylating chemotherapeutic agents without
inducing cytochrome P450 enzymes while enzyme-inducing antiepileptic drugs (EIAEDs) contrib-
ute to drug—drug interactions that may interfere with chemotherapy metabolism [6,7].

Mechanisms of action and survival data

Given the diverse mechanisms of action of AEDs, understanding which AEDs may prove effective
at inhibiting GBM progression may be essential to future care. Later, we synthesize current liter-
ature focused on the mechanisms of action and estimated survival benefit of commonly used
AEDs as antitumor therapy for adult GBM patients (Table 1 and see the supplemental information
online).

Levetiracetam

LEV selectively inhibits synchronized epileptiform activity through binding to synaptic vesicle
protein 2A, regulating action-potential-dependent neurotransmitter release from excitatory pre-
synaptic neurons [13] (Figure 1). The antineoplastic effect of LEV has primarily been attributed
to its inhibitory action on the O6-methylguanine-DNA methyltransferase (MGMT) promoter,
thereby sensitizing GBM cells to TMZ by activating apoptotic pathways. Moreover, LEV has
diverse molecular targets involving calcium homeostasis, GABAergic signaling, and AMPA recep-
tors, which could also contribute to the antitumor properties of LEV. A preclinical study found that
LEV reduces GABAergic postsynaptic currents in diffuse intrinsic pontine glioma (DIPG) cells and
attenuates glioma proliferation in patient-derived DIPG xenografts [14]. Furthermore, this study
showed a tumor subtype-specific effect of LEV with the drug. Still, it showed no significant impact
on the growth rate of hemispheric high-grade glioma patient-derived xenograft models [14].
However, in a recent study, in vitro treatment of neurons with LEV can impair neuronal activation
and reduce the immunosuppressive M2 polarization of microglial cells [15]. A similar phenotype
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Table 1. Summary of AEDs with clinical data targeting glioma proliferation

Drug

Levetiracetam

(LEV)

Lamotrigine
(LTG)

Topiramate
(TPV)

Valproic acid

(VPA)

Clonazepam
(CNZ)

Talampanel

Gabapentin
(GBP)/
pregabalin

Oxcarbazepine
(OXO)

Mechanism of action

Selectively inhibits synchronized epileptiform activity
through binding to synaptic vesicle protein 2A [9].

Believed to inhibit voltage-gated sodium channels,
stabilizes presynaptic neuronal membranes, and inhibits
presynaptic glutamate and aspartate release [12].

Encompasses blocking voltage gated sodium and calcium
channels, inhibiting glutamate receptors, inhibiting
mitochondrial carbonic anhydrase, and enhancing GABA
activity [16].

Voltage gated sodium channel blocker and t-type calcium
channel blocker. May serve as a HDAC inhibitor, potentially
synergizing with traditional chemotherapeutic agents. [17]

Long-acting and potent benzodiazepine, which acts on
GABA-A receptors to increase the frequency of chloride
channel opening, hyperpolarizing neurons and reducing
neuronal firing. Also increases serotonin production.

Noncompetitive antagonist of the AMPA receptor.

a-2-0 ligands that were initially designed as GABA analogs
but were found to have no activity on GABA receptors.
New evidence suggests it serves as inhibitor
thrombospondin-1 (a-2-0-1 is one of the many neuronal
receptors of thrombospondin-1). [3,23,24]

Blockades of voltage-sensitive sodium channels. [57]

Related study

Rigamonti et al.

[16]
Ryu et al. [17]
Kim et al. [18]

Rigamonti et al.

(el

van Opijnen
et al. [22]

Anastasaki
et al. [23]

Ryu et al. [17]

Rigamonti et al.

[16]
Yuan et al. [31]

Guthrie et al.
[37]

Rigamonti et al.

(el

Pallud et al.
[29]
Grossman
et al. [49]

lwamoto et al.
[50]

Rigamonti et al.

[16]

Krishna et al.

[7]

Knudsen-Baas
et al. [38]

Dao Trong
et al. [59]
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Study finding™
No survival benefit

Survival benefit

Survival benefit

No survival benefit

No survival benefit
Reduces optic glioma (NF1)
growth rate

No survival benefit

No survival benefit
Survival benefit

Survival Benefit

No survival benefit

Possibly harmful due to chloride
dysregulation in GBM

Survival benefit

No survival benefit

No survival benefit

Inhibits TSP-1 mediated
remodeling human neuronal
circuits by GBM

No survival benefit

Reduces proliferation of IDH
mutant glioma cells

@Study findings are summarized and abridged. For detailed methods and findings, please refer to each individual study’s manuscript.
®Classifications based on the 2011 Oxford Centre for Evidence-Based Medicine Levels of Evidence (verified by two authors). Preclinical studies were not classified based

on evidence level.

was also observed in vivo. LEV treatment reversed the neuronal activity-mediated microglial M2
polarization and prevented GBM growth and progression in mice bearing glioma stem cells
[15]. This discrepancy in the results on the antitumor effect of LEV on GBM between the two stud-
ies suggests a differential effect of the drug on the regulation of neuronal activity on stem-like
glioma cells versus more differentiated GBM cells.

Despite emerging preclinical evidence, clinical observations on the survival benefit of LEV use are
limited, and mixed results have been reported. Rigamonti et al. performed a retrospective study of
285 patients with newly diagnosed adult GBM. The study reported a nonsignificant increase in
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OS among patients taking LEV compared with other AEDs (13 vs. 10.9 months, P = 0.250)
[16]. Furthermore, no difference was found in OS between patients taking AEDs and those not
taking AEDs (12.2 vs. 11.1 months, P = 0.925) [16]. However, a subsequent study by Ryu
et al. reported prolonged OS in a cohort of patients treated with LEV (21 months) versus no
LEV (16 months, P < 0.001) [17]. This study also reported a survival benefit of LEV in MGMT pro-
moter methylated patients [P = 0.006; hazard ratio (HR), 0.174; 95% confidence interval (Cl):
0.050-0.608], while no significant difference was observed in MGMT promoter unmethylated pa-
tients (P = 0.623; HR, 0.810; 95% Cl: 0.351-1.874) [17]. Kim et al. also identified prolonged OS
associated with patients taking LEV combined with chemotherapy (25.7 vs. 16.7 months, P =
0.027) [18]. It is worth noting that most of the clinical data showing survival differences of LEV
in glioma patients are from retrospective analyses. Prospective clinical studies failed to show a
survival benefit [19,20]. Therefore, the association between LEV and survival outcome remains
questionable, and prospective randomized controlled trials are needed to address the efficacy
of LEV in glioma patients.

Lamotrigine (LTG)

Although the mechanism of action of LTG is not completely understood, current understanding
indicates LTG inhibits voltage-gated sodium channels, stabilizes presynaptic neuronal membranes,
and inhibits presynaptic glutamate and aspartate release [21].

van Opijnen et al. performed a retrospective study of 139 patients with grade 2-4 gliomas; 44%
were given LTG and 56% lacosamide (LCM) [22]. At the 12-month follow-up, there was no signif-
icant difference between the two drugs and no association with AED use and death (HR, 1.63;
95% Cl: 0.51-5.26) [22]. Recent evidence suggests that LTG targets glioma-induced hyperexcit-
ability and reduces the growth rate of optic pathway glioma in a preclinical model of neurofibro-
matosis 1 [23]. LTG-mediated targeting of the hyperpolarization-activated cyclic nucleotide-
gated (HCN) channel, a member of the voltage-gated cation channel family, could reverse the
reduced channel activity-regulated neuronal hyperexcitability and decrease optic nerve prolifera-
tion and optic glioma progression in vivo [23]. HCN channels are overexpressed in breast cancer
cells, and pharmacological modulation of HCN channels using LTG has been shown to exert
strong antitumor activity on breast cancer [21,24]. Thus, LTG may represent a promising thera-
peutic option for achieving epileptic seizure control and more prolonged survival in patients
with breast-to-brain metastasis.

Topiramate (TPM)

The mechanism of TPM action is broad and encompasses blocking voltage-gated sodium and
calcium channels, inhibiting glutamate AMPA receptors, reducing mitochondrial carbonic
anhydrase, and increasing inhibitory GABA activity [25]. Although the clinical efficacy of TPM
has been well established in multiple epilepsy subtypes, the usage of this drug is not
recommended in patients with high-grade gliomas because of its potential side effects, such as
metabolic acidosis and blood toxicity [26,27]. A retrospective study examined 418 patients
treated with surgery, radiotherapy, and chemotherapy with TMZ and AEDs. TPM showed no sig-
nificant benefit in patient OS [17]. Recent mechanistic studies suggest that GBM can transition
the neuronal hyperpolarizing inhibitory effect of GABA into excitatory action potentials because
of dysregulated chloride transport [28,29]. In GBM, perineuronal neurons develop elevated intra-
cellular chloride, rendering GABAergic input excitatory, as GABA activation leads to chloride
efflux. Published studies to date have not stratified between GBM and IDH mutant World Health
Organization (WHO) grade 4 astrocytomas. The nonsignificant patient survival result following the
use of TPM could be attributed to heterogeneity in how GBM and peritumoral neurons utilize
GABA for excitatory signaling or incomplete tumor molecular subclassification.
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Valproic acid

In addition to blocking NMDA receptors, voltage-gated sodium channels, and t-type calcium
channels, VPA inhibits histone deacetylase (HDAC) activity, potentially synergizing with traditional
chemotherapeutic agents [30,31]. VPA can also enhance both serotonergic and dopaminergic
transmission [32,33]. In general, both serotonin and dopamine have been linked to seizure path-
ogenesis, and increased extracellular levels of monoamines are reported to reduce seizure fre-
quency [33,34]. Conversely, several studies have identified serotonergic and dopaminergic
signaling as critical players in gliomagenesis and highlighted the ability of monoamines to interact
with canonical growth factors, such as mitogen-activated protein kinase (MAPK) and AKT signal-
ing pathways [35]. Therefore, although the monoaminergic modulation of VPA could further boost
its antiepileptic action, a drug-induced increase in synaptic monoamine levels in the tumor micro-
environment could exert an opposite effect on antitumor activity and survival outcomes of glioma
patients. Thus, data on survival outcomes associated with VPA use in glioma patients are incon-
sistent, with some studies reporting prolonged survival in GBM patients [36,37].

By contrast, others show no association with survival [16,20,38]. Guthrie et al. retrospectively an-
alyzed the survival of 236 patients with newly diagnosed GBM at a single institution [37]. In their
cohort, 138 patients received no AED, 24 were prescribed VPA, 19 carbamazepine, 20 phenyt-
oin, and nine another AED. All patients in the study received standard therapy, including surgery,
radiation, and chemotherapy. AED choice was made based on the preference of each patient’s
treating physician, and Kaplan-Meier survival analyses were performed retrospectively. The study
demonstrated that the AED-treated cohort had improved survival compared with patients not
taking AEDs (Mantel-Cox log-rank ¥ test 19.617, P < 0.001) [37]. Patients who were prescribed
VPA had more prolonged survival than patients prescribed other AEDs (P < 0.02). Patients with
GBM were 2.7 times more likely to die if they were not treated with VPA (Mantel-Cox log-rank
2 test 17.506, P < 0.001) [37]. The survival benefit associated with VPA is controversial because
Rigamonti et al. subsequently found no survival benefit [16]. The study compared survival for pa-
tients receiving non-enzyme-inducing AEDs [NEIAEDs, e.g., VPA, LTG, clonazepam (CNZ),
ethosuximide, and gabapentin (GBP)] over EIAEDs, (phenobarbitone, phenytoin, and carbamaz-
epine) with a nonsignificant trend towards the superiority of NEIAEDs [16]. There are several pre-
clinical reports of accelerated tumor development after VPA use in mammary and prostate cancer
models [39,40]. Hence, a thorough examination of the tumor burden in the non-benefited cohort
of glioma patients should be conducted to assess if the absence of survival outcome difference is
linked to any adverse tumorigenic effects of VPA.

Clonazepam

CNZis along-acting and potent benzodiazepine. Benzodiazepines bind GABA-A receptors to in-
crease the frequency of neuronal chloride channel opening, hyperpolarizing neurons and reduc-
ing neuronal firing [41]. In addition to its GABA-A agonism, CNZ acts to increase serotonin
production. Recent evidence suggests that chloride dysregulation in GBM results in a paradoxical
and harmful effect of benzodiazepines on GBM growth, although this topic warrants further
studly.

Perampanel (PER)

PER is an FDA-approved, noncompetitive AMPA-receptor inhibitor with blood—brain and tumor
barrier penetrance. The drug has a terminal half-life of 48 h when given alone, which is
pharmacokinetically favorable [42]. As an antiepileptic medication, PER reduces seizure fre-
quency in 75-90% of patients (defined as the percentage of patients achieving seizure freedom
or reduction of at least 50% of seizure frequency). Across published reports, 11-52% of patients
experience drug intolerability, resulting in a drug retention rate of 56-83%. Several preclinical
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studies have investigated the antineoplastic activity of PER in preclinical models. In vitro work
using human glioma cell lines suggests several mechanisms, including reduced glucose uptake,
reduced glutamate release, and increased apoptosis of glioma cells [43,44]. In in vivo experi-
ments, two separate xenograft studies using rat C6 and F98 glioma cell lines reported similar
results, where PER administration as a monotherapy [45] or in combination with chemoradiation
[43] blocked tumor-associated epileptic events but failed to show a positive result on tumor bur-
den and survival of GBM-bearing rats. By contrast, recent studies using murine models showed
significant antiproliferative activity and survival benefits after treatment of glioma-xenografted
mice with PER [46,47]. Furthermore, PER treatment suppressed tumor invasion in vivo by reduc-
ing neuronal-activity-driven increased branching and length of tumor microtubes [47]. These find-
ings imply the shared mechanism of AMPA activation connecting seizure activity and glioma
growth and further underscore the importance of AMPA-receptor-mediated glutamatergic
neuron—glioma synaptic signaling in tumor progression. Clinical data on the potential antitumor
activity of PER are limited. Clinical trials are underway to determine the clinical efficacy and toler-
ability of PER toward reducing tumor proliferation and tumor-associated synapses and improving
progression-free survival for patients with recurrent GBM [48].

Talampanel

Talampanel is a noncompetitive antagonist of the AMPA receptor. Grossman et al. reviewed
Phase 2 compared with Phase 3 European Organization for Research and Treatment of Cancer
survival data [49]. Three hundred and sixty-five patients with GBM were given radiation therapy
(RT) + TMZ or RT + TMZ + talampanel, poly-ICLC, or cilengitide. This study demonstrated that
newly diagnosed patients with GBM had longer median OS with RT + TMZ + talampanel, poly
ICLC, or cilengitide compared with RT + TMZ alone (19.6 vs. 14.6 months, P < 0.0001)
[49]. Another study evaluated the utility of talampanel as a single agent in recurrent malignant
glioma and found that the 30 patients tolerated the medication well. However, talampanel had
no anti-glioma activity when given as monotherapy [50].

Gabapentin

GBP and pregabalin are a-2-6 ligands initially designed as GABA analogs but have been found to
have no activity on GABA receptors [51]. They are utilized as AEDs and analgesics with a broad
therapeutic index. GBP exerts its antiepileptic and analgesic actions by blocking thrombospondin
(TSP) binding to the neuronal thrombospondin receptor a20-1 involved in excitatory synaptic
transmission. Besides this known antiseizure activity, prior studies have reported the antiprolifer-
ative actions of GBP using human GBM [52] and mouse melanoma [53] cell lines. Recent work
from our group also demonstrated the antitumor effects of GBP via inhibition of TSP-1 paracrine
signaling of primary patient-derived GBM cells and in GBM xenografted mice [7]. This emerging
preclinical evidence on the survival benefits of GBP use established the basis for a new ongoing
clinical trial to investigate the potential of repurposing this FDA-approved drug to extend survival
in patients [54].

Oxcarbazepine (OXC)

Like VPA, OXC targets HDAC activity and induces apoptosis by inhibiting the downstream PI3K-Akt-
MTOR axis. OXC-mediated cell cycle arrest and apoptosis have been demonstrated in several prior
studies [55,56]. Besides targeting apoptotic pathways, the antitumor effect of OXC observed in pre-
clinical studies could also be linked to its antiepileptic mechanisms of action via blocking voltage-
gated Na* channels and subsequent repetitive firing of action potentials in neural circuits. The neu-
roprotective action of OXC via inhibition of spontaneous neuronal activity and excitability has been
demonstrated in several pathological models, including cerebral ischemia [57] and neuropathic
pain [58]. Hence, it is conceivable that the anticancer effect of OXC in GBM may be mediated via
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neuronal-activity-dependent mechanisms. Despite the preclinical evidence from multiple studies,
clinical studies focused on the possible antitumor impact and survival benefits of OXC are scarce.
A retrospective cohort study of 1263 patients with GBM diagnosed in Norway between 2004 and
2010 reviewed the utility of OXC in treating glioma patients and did not find a significant effect on
OS [38]. OXC can reduce the proliferation of IDH mutant gliomas in preclinical models therefore strat-
ification by IDH status may provide added value [59].

Lacosamide

LCM shares a similar mechanism of action as OXC and has been demonstrated to be an effective
AED in brain tumor patients with epilepsy [60]. LCM selectively enhances the slow inactivation of
voltage-gated sodium channels, thereby controlling the abnormal neuronal activity associated
with epilepsy [61]. The antiepileptic action of LCM has also been linked to its inhibitory action
on abnormal axon sprouting, a phenomenon implicated in epilepsy [61]. Specifically, LCM can
suppress spontaneous recurrent seizures and reduce hippocampal neuronal loss in an animal
model of status epilepticus by inhibiting collapsin response mediator protein 2 (CRMP2); an
axon guidance protein involved in neurite outgrowth [62]. The CRMP-2-mediated excessive
axon sprouting can lead to abnormal synapse formation and rewiring of neuronal circuits, contrib-
uting to epileptic events. Given the recent evidence supporting glioma-associated remodeling of
neuronal circuit and tumor progression [7], it raises the intriguing question of whether the protec-
tive action of LCM, inhibiting axon sprouting, and synaptic remodeling could synergistically con-
tribute to antineoplastic benefits and confer a survival advantage.

Immunomodulating properties of antiepileptic drugs

In addition to glutamatergic and GABAergic signal dysregulation, increased inflammatory
responses characterized by robust activation of innate and adaptive immune systems can
contribute to neuronal excitability and pro-epileptogenic inflammatory processes [63]. Excess
glutamate release into the peritumoral microenvironment activates astrocytes and microglia,
resulting in elevated concentrations of proinflammatory cytokines, such as interleukin (IL-1(3,
tumor necrosis factor (TNF)-a, and IL-6); all of which promote tumor growth, invasion, and seizure
susceptibility [64] (Figure 1). Experimental evidence from several in vitro and in vivo preclinical
studies has demonstrated the ability of AEDs such as LEV, VPA, and GBP to promote an anti-
inflammatory state, accompanied by decreased neuronal activity and epileptic seizure occur-
rence [30,42,52,65,66]. In this regard, it is conceivable that glioma patients are more likely to
benefit from treatment with AEDs that possess immunomodulating properties.

Concluding remarks

The requirement for neuronal activity to drive malignant glioma proliferation and invasion is an area
of active basic and translational investigations. Many questions remain, such as the heterogeneity
of activity-dependent growth within and between patients (see Outstanding questions). Further-
more, few biomarkers exist to identify patients with tumors that may be most prone to proliferate
via neuronally driven mechanisms. These unanswered questions may explain some of the con-
flicting findings in the current body of evidence regarding the use of AEDs beyond the treatment
of tumor-associated epilepsy to inhibit tumor growth. Tumors that proliferate via neuronally driven
mechanisms incorporate into neuronal circuits and induce neuronal hyperexcitability. Clinically
available drugs used to treat epilepsy may rescue neuronal hyperexcitability. Given neuronal ex-
citability fuels glioma progression, the hope is that medicines that lower neuronal hyperexcitability
will reduce glioma progression.

Recently published preclinical data supports the advancement of therapeutic clinical trials
focused on using antiepileptics as tumor-directed therapies. However, it remains an open
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Outstanding questions

Are all malignant gliomas equally
dependent on activity-dependent
mechanisms for proliferation and inva-
sion? If not, what are the optimal bio-
markers to identify vulnerable tumors?

Given that malignant gliomas promote
neuronal hyperexcitability and
hypersynchrony, does the frequency
of clinical seizures in patients correlate
with  tumor growth and patient
survival?

Knowing that synaptic activity driving
malignant proliferation increases at
the point of GBM recurrence, what
would be the optimal timing of AED
therapy?

How can we enhance emerging
mechanistic insights uncovered by
glioma neuroscience to develop
promising new neuroactive drugs that
may be advanced to therapeutic
clinical trials?
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question why the antitumorigenic effects of AEDs observed in animal models could not be translated
into successful clinical trials to date. The risk of drug—drug interactions between antiepileptic and che-
motherapeutic drugs is high, and the concurrent use of both drugs can complicate therapeutic man-
agement. There are several known mechanisms underlying the antiepileptic and antitumor effects of
AEDs. Each drug can have a different outcome based on its targeting mechanism, and the positive
therapeutic influences of certain AEDs could exceed those of others. For example, the acute inhibition
of glutamatergic AMPA receptors by PER can directly influence excitatory neuronal signaling. In light
of the emerging evidence of increased neuronal activity promoting tumor progression, the reduced
neuronal activity exerted by PER could profoundly affect glioma cell proliferation and tumor progres-
sion. By contrast, extra caution should be taken when choosing AEDs, such as VPA, LEV, and TPM,
that exert their antiseizure effect via enhanced GABAergic signaling. Emerging evidence points to a
depolarizing excitatory action of GABA in glioma, which in turn could promote tumor growth, resulting
in increased adverse events and mortality of patients with GBM. Therefore, clinicians should pay
particular attention to the AED choice, and a thorough mechanistic understanding and focused eval-
uation of the therapeutic outcomes is warranted when prescribing AEDs to patients with glioma.

Acknowledgements
The authors acknowledge funding received from the NIH National Institute of Neurological Disorders and Stroke
(K08 NS110919-01 and RO1 NS137950-01 to S.H.-J.).

Declaration of interests
The authors declare no competing interests.

Supplemental information
Supplemental information associated with this article can be found online at https://doi.org/10.1016/j.trecan.2024.09.003

References
1. Beghi, E. (2020) The epidemiology of epilepsy. 14. Barron, T. et al. (2023) Gabaergic neuron-to-glioma synapses in
Neuroepidemiology 54, 185-191 diffuse midline gliomas. Neuro Oncology 25, i11
2. Bruna, J. et al. (2013) Epilepsy in glioblastoma patients: basic 15. Guo, X. et al. (2024) Hypoxia-induced neuronal activity in glioma pa-
mechanisms and current problems in treatment. Expert. Rev. tients polarizes microglia by potentiating RNA m6A demethylation.
Clin. Pharmacol. 6, 333-344 Clin. Cancer Res. 30, 1160-1174
3. Englot, D.J. et al. (2012) Characteristics and treatment of 16. Rigamonti, A. et al. (2018) Antiepileptic treatment and sur-
seizures in patients with high-grade glioma: a review. Neurosurg. vival in newly diagnosed glioblastoma patients: retrospective
Clin. N. Am. 23, 227-235 multicentre study in 285 ltalian patients. J. Neurol. Sci. 390,
4. Ruda, R. et al. (2020) Effectiveness and tolerability of lacosamide 14-19
as add-on therapy in patients with brain tumor-related epilepsy: 17. Ryu, J.Y. et al. (2019) Effect of anti-epileptic drugs on the survival
results from a prospective, noninterventional study in European of patients with glioblastoma multiforme: a retrospective, single-
clinical practice (VIBES). Epilepsia 61, 647-656 center study. PLoS One 14, 0225599
5. Luo, C. et al. (2021) The prognosis of glioblastoma: a large, 18. Kim, Y.H. et al. (2015) Survival benefit of levetiracetam in patients
multifactorial study. Br. J. Neurosurg. 35, 555-561 treated with concomitant chemoradiotherapy and adjuvant
6. Koshy, M. et al. (2012) Improved survival time trends for chemotherapy with temozolomide for glioblastoma multiforme.
glioblastoma using the SEER 17 population-based registries. Cancer 121, 2926-2932
J. Neuro-Oncol. 107, 207-212 19. Bianconi, A. et al. (2024) Effects of levetiracetam and lacosamide
7. Krishna, S. et al. (2023) Glioblastoma remodelling of human on survival and seizure control in IDH-wild type glioblastoma dur-
neural circuits decreases survival. Nature 617, 599-607 ing temozolomide plus radiation adjuvant therapy. Brain Spine 4,
8. Goethe, E.A. et al. (2023) The role of hyperexcitability in 102732
gliomagenesis. Int. J. Mol. Sci. 24, 749 20. Happold, C. et al. (2016) Does valproic acid or levetiracetam im-
9. Venkatesh, H.S. et al. (2015) Neuronal activity promotes glioma prove survival in Glioblastoma? A pooled analysis of prospective
growth through neuroligin-3 secretion. Cell 161, 803-816 clinical trials in newly diagnosed glioblastoma. J. Clin. Oncol. 34,
10. Venkataramani, V. et al. (2019) Glutamatergic synaptic input to gli- 731-739
oma cells drives brain tumour progression. Nature 573, 532-538 21. Costa, B. and Vale, N. (2023) Understanding lamotrigine's role
11. Drumm, M.R. et al. (2023) Postoperative risk of IDH-mutant in the CNS and possible future evolution. Int. J. Mol. Sci. 24,
glioma-associated seizures and their potential management 6050
with IDH-mutant inhibitors. J. Clin. Invest. 133, e168035 22. van Opijnen, M.P. et al. (2021) The effectiveness of antiepileptic
12. Vecht, C.J. et al. (2014) Seizure prognosis in brain tumors: new in- drug treatment in glioma patients: lamotrigine versus lacosamide.
sights and evidence-based management. Oncologist 19, 751-759 J. Neuro-Oncol. 154, 73-81
13. Lynch, B.A. et al. (2004) The synaptic vesicle protein SV2A is the 23. Anastasaki, C. et al. (2022) Neuronal hyperexcitability drives cen-
binding site for the antiepileptic drug levetiracetam. Proc. Natl. tral and peripheral nervous system tumor progression in models
Acad. Sci. USA 101, 9861-9866 of neurofioromatosis-1. Nat. Commun. 13, 2785

¢? CellPress

Trends in Cancer, Month 2024, Vol. xx, No. xx 9



https://doi.org/10.1016/j.trecan.2024.09.003
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0005
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0005
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0010
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0010
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0010
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0015
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0015
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0015
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0020
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0020
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0020
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0020
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0025
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0025
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0030
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0030
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0030
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0035
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0035
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0040
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0040
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0045
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0045
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0050
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0050
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0055
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0055
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0055
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0060
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0060
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0065
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0065
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0065
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0070
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0070
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0075
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0075
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0075
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0080
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0080
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0080
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0080
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0085
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0085
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0085
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0090
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0090
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0090
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0090
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0095
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0095
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0095
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0095
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0100
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0100
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0100
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0100
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0105
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0105
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0105
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0110
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0110
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0110
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0115
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0115
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0115
CellPress logo

¢? CellPress

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Mok, K.C. et al. (2021) Repurposing hyperpolarization-activated
cyclic nucleotide-gated channels as a novel therapy for breast
cancer. Clin. Transl. Med. 11, e578

Bai, Y.F. et al. (2022) Molecular mechanisms of topiramate and
its clinical value in epilepsy. Seizure 98, 51-56
Sanchez-Villalobos, J.M. et al. (2022) Epilepsy treatment in
neuro-oncology: a rationale for drug choice in common clinical
scenarios. Front. Pharmacol. 13, 991244

Ture, H. et al. (2016) The frequency and severity of metabolic
acidosis related to topiramate. J. Int. Med. Res. 44, 1376-1380
MacKenzie, G. et al. (2016) Compromised GABAergic inhibition
contributes to tumor-associated epilepsy. Epilepsy Res. 126,
185-196

Pallud, J. et al. (2014) Cortical GABAergic excitation contributes
to epileptic activities around human glioma. Sci. Transl. Med. 6,
244ra289

Romoli, M. et al. (2019) Valproic acid and epilepsy: from molecu-
lar mechanisms to clinical evidences. Curr. Neuropharmacol. 17,
926-946

Yuan, Y. et al. (2014) Survival analysis for valproic acid use
in adult glioblastoma multiforme: a meta-analysis of individual
patient data and a systematic review. Seizure 23, 830-835
Lee, S. et al. (2012) Valproate alters dopamine signaling in asso-
ciation with induction of Par-4 protein expression. PLoS One 7,
e45618

Prakash, S. et al. (2021) Antiepileptic drugs and serotonin
syndrome - a systematic review of case series and case reports.
Seizure 91, 117-131

Sourbron, J. and Lagae, L. (2022) Serotonin receptors in
epilepsy: novel treatment targets? Epilepsia Open 7, 231-246
Caragher, S.P. et al. (2018) Monoamines in glioblastoma: com-
plex biology with therapeutic potential. Neuro-Oncology 20,
1014-1025

Gill, H.S. et al. (1989) In vitro and in vivo interaction between
sporocysts of sarcocystis muris and mouse peritoneal macro-
phages. Vet. Parasitol. 32, 341-347

Guthrie, G.D. and Eljamel, S. (2013) Impact of particular
antiepileptic drugs on the survival of patients with glioblastoma
multiforme. J. Neurosurg. 118, 859-865

Knudsen-Baas, K.M. et al. (2016) Does the choice of antiepileptic
drug affect survival in glioblastoma patients? J. Neuro-Oncol.
129, 461-469

Andrade, F.O. et al. (2019) Reversal of increased mammary
tumorigenesis by valproic acid and hydralazine in offspring of
dams fed high fat diet during pregnancy. Sci. Rep. 9, 20271
Salminen, J.K. et al. (2022) Anti-epileptic drugs and prostate
cancer-specific mortality compared to non-users of anti-
epileptic drugs in the Finnish Randomized Study of Screening
for Prostate Cancer. Br. J. Cancer 127, 704-711

Ahmed, G.K. et al. (2021) Effect of long-term administration
of clonazepam, carbamazepine, and valproate on cognitive,
psychological, and personality changes in adult epilepsy: a
case-control study. Middle East Curr. Psy. 28. ARTN 81.

Rossi, J. et al. (2023) Efficacy and tolerability of perampanel in
brain tumor-related epilepsy: a systematic review. Biomedicines
11, 651

Lange, F. et al. (2019) AMPA receptor antagonist perampanel
affects glioblastoma cell growth and glutamate release in vitro.
PLOS One 14, e0211644

Salmaggi, A. et al. (2021) Synergistic effect of perampanel and
temozolomide in human glioma cell lines. J. Pers. Med. 11, 390
Mayer, J. et al. (2020) Perampanel attenuates epileptiform
phenotype in C6 glioma. Neurosci. Lett. 715, 134629

10  Trends in Cancer, Month 2024, Vol. xx, No. xx

46.

4

3

48.

49.

50.

5

=

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

=

62.

63.

64.

65.

66.

Taylor, K.R. et al. (2023) Glioma synapses recruit mechanisms of
adaptive plasticity. Nature 623, 366-374

. Venkataramani, V. et al. (2022) Glioblastoma hijacks neuronal

mechanisms for brain invasion. Cell 185, 2899-2917 2831
Heuer, S. et al. (2024) PerSurge (NOA-30) phase Il trial of
perampanel treatment around surgery in patients with progres-
sive glioblastoma. BMC Cancer 24, 135

Grossman, S.A. et al. (2010) Survival of patients with newly
diagnosed glioblastoma treated with radiation and temozolomide
in research studies in the United States. Clin. Cancer Res. 16,
2443-2449

lwamoto, F.M. et al. (2010) Phase 2 trial of talampanel, a
glutamate receptor inhibitor, for adults with recurrent malignant
gliomas. Cancer 116, 1776-1782

. Calandre, E.P. et al. (2016) Alpha delta ligands, gabapentin,

pregabalin and mirogabalin: a review of their clinical pharmacology
and therapeutic use. Expert. Rev. Neurother. 16, 1263-1277
‘Yamaguchi, K. et al. (2017) Anti inflammatory actions of gabapen-
tin and pregabalin on the substance P induced mitogen activated
protein kinase activation in U373 MG human glioblastoma astro-
cytoma cells. Mol. Med. Rep. 16, 6109-6115

Brito, B.E. et al. (2021) Concomitant antihyperalgesic and antitu-
mor effects of gabapentin in a murine cancer pain model. Int.
J. Mol. Sci. 22, 9671

Mastall, M. et al. (2024) A phase Ib/Il randomized, open-label
drug repurposing trial of glutamate signaling inhibitors in combi-
nation with chemoradiotherapy in patients with newly diagnosed
glioblastoma: the GLUGLIO trial protocol. BMC Cancer 24, 82
Lee, C.Y. et al. (2016) The effects of antiepileptic drugs on the
growth of glioblastoma cell lines. J. Neuro-Oncol. 127, 445-453
Ota, M. et al. (2021) Oxcarbazepine induces mitotic catastrophe
and apoptosis in NRK-52E proximal tubular cells. Toxicol. Lett.
350, 240-248

Ahn, J.H. et al. (2019) Pre- and post-treatment with novel
antiepileptic drug oxcarbazepine exerts neuroprotective effect
in the hippocampus in a gerbil model of transient global cerebral
ischemia. Brain Sci. 9, 279

Patel, R. et al. (2019) Neuropathy following spinal nerve injury
shares features with the irritable nociceptor phenotype: A back-
translational study of oxcarbazepine. Eur. J. Pain 23, 183-197
Dao Trong, P. et al. (2023) The antiepileptic drug oxcarbazepine
inhibits the growth of patient-derived isocitrate dehydrogenase
mutant glioma stem-like cells. Cells 12, 1200

Newton, H.B. and Wojkowski, J. (2024) Antiepileptic strategies
for patients with primary and metastatic brain tumors. Curr.
Treat. Options in Oncol. 25, 389-403

He, Z. and Li, J. (2023) The therapeutic effects of lacosamide on
epilepsy-associated comorbidities. Front. Neurol. 14, 1063703
Wang, X. et al. (2018) Lacosamide modulates collapsin response
mediator protein 2 and inhibits mossy fiber sprouting after kainic
acid-induced status epilepticus. Neuroreport 29, 1384-1390
Aronica, E. et al. (2023) Epilepsy and brain tumors: two sides of
the same coin. J. Neurol. Sci. 446, 120584

Sowers, J.L. et al. (2014) The role of inflammation in brain cancer.
Adv. Exp. Med. Biol. 816, 75-105

Samadianzakaria, A. et al. (2022) The effect of valproic acid and
furosemide on the regulation of the inflammasome complex
(NLRP1 and NLRP3 mRNA) in the brain of epileptic animal
model. Brain Res. Bull. 191, 20-29

Stienen, M.N. et al. (2011) Anti-inflammatory effects of the
anticonvulsant drug levetiracetam on electrophysiological
properties of astroglia are mediated via TGFbetal regulation.
Br. J. Pharmacol. 162, 491-507

Trends in Cancer


http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0120
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0120
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0120
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0125
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0125
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0130
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0130
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0130
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0135
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0135
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0140
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0140
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0140
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0145
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0145
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0145
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0150
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0150
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0150
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0155
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0155
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0155
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0160
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0160
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0160
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0165
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0165
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0165
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0170
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0170
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0175
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0175
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0175
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0180
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0180
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0180
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0185
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0185
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0185
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0190
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0190
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0190
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0195
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0195
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0195
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0200
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0200
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0200
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0200
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0205
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0205
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0205
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0210
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0210
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0210
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0215
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0215
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0220
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0220
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0225
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0225
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0230
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0230
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0235
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0235
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0235
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0240
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0240
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0240
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0240
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0245
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0245
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0245
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0250
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0250
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0250
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0255
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0255
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0255
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0255
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0260
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0260
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0260
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0265
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0265
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0265
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0265
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0270
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0270
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0275
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0275
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0275
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0280
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0280
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0280
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0280
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0285
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0285
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0285
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0290
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0290
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0290
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0295
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0295
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0295
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0300
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0300
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0305
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0305
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0305
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0310
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0310
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0315
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0315
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0320
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0320
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0320
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0320
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0325
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0325
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0325
http://refhub.elsevier.com/S2405-8033(24)00192-4/rf0325
CellPress logo

	Malignant glioma remodeling of neuronal circuits: therapeutic opportunities and repurposing of antiepileptic drugs
	Epileptogenesis and oncogenesis
	Physiology and pharmacology of glioblastoma-related epilepsy
	Mechanisms of action and survival data
	Levetiracetam
	Lamotrigine (LTG)
	Topiramate (TPM)
	Valproic acid
	Clonazepam
	Perampanel (PER)
	Talampanel
	Gabapentin
	Oxcarbazepine (OXC)
	Lacosamide

	Immunomodulating properties of antiepileptic drugs
	Concluding remarks
	Acknowledgements
	section17
	Declaration of interests
	Supplemental information
	References




