

  cancers-15-05539




cancers-15-05539







Cancers 2023, 15(23), 5539; doi:10.3390/cancers15235539




Review



Unexplained Causes of Glioma-Associated Epilepsies: A Review of Theories and an Area for Research



Mariia Saviuk 1,2, Ekaterina Sleptsova 1, Tikhon Redkin 1 and Victoria Turubanova 1,*





1



Institute of Neurosciences, National Research Lobachevsky State University of Nizhny Novgorod, 23 Gagarin Ave., 603022 Nizhny Novgorod, Russia






2



Cell Death Investigation and Therapy Laboratory, Anatomy and Embryology Unit, Department of Human Structure and Repair, Faculty of Medicine and Health Sciences, Ghent University, C. Heymanslaan 10, 9000 Ghent, Belgium









*



Correspondence: vikaturu@mail.ru or vikaturu@ibbm.unn.ru







Citation: Saviuk, M.; Sleptsova, E.; Redkin, T.; Turubanova, V. Unexplained Causes of Glioma-Associated Epilepsies: A Review of Theories and an Area for Research. Cancers 2023, 15, 5539. https://doi.org/10.3390/cancers15235539



Academic Editor: Harald Sontheimer



Received: 19 October 2023 / Revised: 17 November 2023 / Accepted: 20 November 2023 / Published: 22 November 2023



Abstract

:

Simple Summary


Patients with gliomas experience worsened quality of life due to epileptic attacks. Over 80% of patients are susceptible to seizures, significantly hindering their treatment and well-being. No cause of epilepsy associated with glioma has been identified; however, some mutations are known to contribute to seizures in various situations. The development of a tumour creates advantageous conditions for abnormal neuronal activity to occur. Identifying a therapeutic target is a significant undertaking that numerous studies are endeavouring to undertake. We investigate the potential correlation of pathophysiological processes in the development of both gliomas and epilepsy, aiming to identify any shared factors. Furthermore, we propose that the mutational profile of different types of gliomas may have an impact on the occurrence or absence of seizures. We conclude that spontaneous neuronal activity arises from both the tumour microenvironment and blood ingress into neuronal networks resulting from the breakdown of the blood–brain barrier.




Abstract


Approximately 30% of glioma patients are able to survive beyond one year postdiagnosis. And this short time is often overshadowed by glioma-associated epilepsy. This condition severely impairs the patient’s quality of life and causes great suffering. The genetic, molecular and cellular mechanisms underlying tumour development and epileptogenesis remain incompletely understood, leading to numerous unanswered questions. The various types of gliomas, namely glioblastoma, astrocytoma and oligodendroglioma, demonstrate distinct seizure susceptibility and disease progression patterns. Patterns have been identified in the presence of IDH mutations and epilepsy, with tumour location in cortical regions, particularly the frontal lobe, showing a more frequent association with seizures. Altered expression of TP53, MGMT and VIM is frequently detected in tumour cells from individuals with epilepsy associated with glioma. However, understanding the pathogenesis of these modifications poses a challenge. Moreover, hypoxic effects induced by glioma and associated with the HIF-1a factor may have a significant impact on epileptogenesis, potentially resulting in epileptiform activity within neuronal networks. We additionally hypothesise about how the tumour may affect the functioning of neuronal ion channels and contribute to disruptions in the blood–brain barrier resulting in spontaneous depolarisations.
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1. Introduction


Seizures are often the first symptom when a glioma is diagnosed, but they can occur at any time during the course of this malignant disease. This is called glioma-associated epilepsy, and it severely affects the quality of life of glioma patients. Epilepsy is a condition characterised by spontaneous seizures and convulsions, resulting in various neurobiological, cognitive and psychosocial consequences. The hyperexcitability state in the brain can arise from an elevation in excitatory neurotransmission or a reduction in inhibitory neurotransmission. The pathophysiological origins of epilepsy remain incompletely comprehended [1].



Up to 80% of patients with brain tumours develop epilepsy, either as an initial symptom or following diagnosis and treatment [2,3]. It is difficult to create a definitive profile of a glioma patient who experiences seizures due to the diverse pathophysiology of glioma cells, the site of the tumour focus and the often ambiguous disease classification in clinical settings. The frequency of seizures is subject to variation based on both the rapid rate of tumour growth and the peritumoural oedema. Patients with glioma-associated epilepsy have various risk factors: seizures are observed both before and after surgical resection, indicating that some pathophysiological mechanisms are shared, but also raising questions about how the process of epileptogenesis evolves throughout the progression of gliomas. Mutational burden and alteration of the extracellular environment of neuronal networks due to tumour TME also influence the manifestation or absence of seizure activity.



It has been observed that certain antiepileptic drugs can inhibit or prevent the growth of tumours [4,5]. However, only one study has reported that the antitumour medication tolomozomide decreased the epileptogenic burden in a patient diagnosed with a grade 2 oligodendroglioma [6]. It is probable that the drug’s action reduces the proliferative capacity of tumour cells and eliminates the cancer, which in turn leads to the resolution of epilepsy.



It can be inferred that the pathogenesis of both these ailments shares common pathways, but further research is needed to understand this better. It is worth noting that epilepsy arises as a consequence of a developing glioma, although the mechanisms behind its emergence are multifactorial.



In this review, we investigate the origins of glioma-associated epilepsy, including genetic mutations, modified molecular signalling pathways, changes in the extracellular space of neurons and significant morphological lesions in the brain.




2. WHO CNS5 Characteristics of Glioma


Gliomas rank as one of the most feared human tumours and represent the most lethal forms of brain tumours. The median survival period encompasses a range of 4.9 to 13.5 months [7]. The quality of life of patients during this period is often severely reduced. Gliomas are classified clinically via tomograms and histological analyses, and confirmed through immunohistochemical and ultrastructural analysis, providing a relatively precise presentation of the cancer’s nature. However, precise classification remains exclusive to clinics equipped with high-tech molecular genetic analysis techniques. The latest CNS5 classification of brain tumours now attributes greater importance to molecular mutations. These are no longer considered ancillary medical information but have a direct impact on the selection of treatment for patients. Thus, the WHO CNS5 summarised several clinicopathologically relevant molecular changes that are vital for accurately classifying nervous system neoplasms and determining their treatment.



According to the CNS5 WHO [8], diffuse gliomas comprise glioblastoma, oligodendroglioma or astrocytoma. The latest revised description specifies three distinct types:




	
IDH-mutant astrocytoma (which may be grade 2, 3 or 4);



	
IDH-mutant and 1p/19-codeleted oligodendroglioma (which may be grade 2 or 3);



	
IDH wild-type glioblastoma (which is grade 4).








The initial factor in indicating the glioma variety is the isocitrate dehydrogenase (IDH) mutation status: glioblastoma—wild-type IDH (IHDwt) and oligodendroglioma or astrocytoma—IDH-mutant. Diffuse astrocytoma grade 2, anaplastic astrocytoma grade 3 and glioblastoma exhibited wild-type IDH characteristics according to the 2016 classification. The deletion of the p arm of chromosome 1 and the q arm of chromosome 19 is the subsequent classification criterion. If there is a codeletion, the tumour is identified as an oligodendroglioma; otherwise, it is classified as an astrocytoma. IDH-mutated astrocytomas can present with varying levels of malignancy, but are consistently characterised by the presence of a tumour protein P53 (TP53) mutation. It should be noted that a grade 4 astrocytoma is classified as a glioblastoma if TERT promoter (TERTp) mutation and/or deletion of chromosome 10 are present, regardless of IDH status. Grade 4 astrocytoma is often accompanied by necrosis and/or microvascular proliferation. Due to the challenge in identifying the exact tumour type, certain papers currently and all papers until 2021 adopt a variant classification that encompasses all three variants of gliomas.




3. Molecular Changes That Trigger Epilepsy Associated with Glioma


Epilepsy is a prevalent symptom among patients with glioma. The classification of gliomas and epileptogenesis are often associated with a frequent mutation in isocitrate dehydrogenase (IDH). This mutation occurs in 20% to 64% of glioma cases, depending on the tumour’s origin. According to the WHO classification, this situation is crucial: astrocytoma and oligodendrodenoma exhibit mutations, whereas glioblastoma is wild-type [8]. Up to 78% of cases with IDH mutation are associated with episodes of epilepsy [9]. Patients with this mutation are more prone to pretreatment seizure episodes in contrast with those with IDHwt [10]. Moreover, gliomas with an IDH1 mutation have a greater propensity for causing seizures than those with wild-type IDH [11]. The possible reason for this could be that D-2-hydroxyglutarate (D2-HG), which is the product of the IDH1-mutated enzyme, has a chemical make-up similar to that of glutamate. Glutamate is an excitatory neurotransmitter. Thus, it is assumed that D2-HG enhances the activity of neurons by imitating glutamate activity at the N-methyl-D-aspartate (NMDA) receptor [11].



Another prevalent mutation contributing to glioma classification is the codeletion of chromosome 1p/19q. Oligodendrogliomas are distinguished by the deletion of chromosome 1p/19q [12]. This can result in the development of epilepsy up to 90% of the time [13]. However, no association between 1p/19q codeletion and epileptogenesis was observed [14]. It is probable that the IDH mutation is responsible for inducing seizures in oligodendroglioma cases [15]. However, whilst chromosome 1p/19q codeletion may not directly cause epilepsy, it appears to contribute to an increased likelihood of its occurrence through changes in the sensorimotor network. Fang et al. demonstrated that patients without 1p/19q codeletion had changes in sensorimotor nodes adjacent to the tumour. Patients with a deletion exhibit altered characteristics of nodes located not only adjacent to, but also distant from, the tumour. This increases the risk of developing epilepsy [15].



Approximately 75% of patients with wild-type IDH gliomas and molecular glioblastoma-like profile (hLGG) have seizures [16]. IDHwt hLGG is characterised by pTERT mutation, and/or the gain of chromosome 7 combined with the loss of chromosome 10 (7+/10−) and/or epidermal growth factor receptor (EGFR) amplification [17], and so, according to the 2021 WHO Classification of Tumors of the Central Nervous System, IDHwt hLGG should be classified as glioblastoma. EGFR is a tyrosine kinase which dimerises when it binds to extracellular epidermal growth factor (EGF). It then mediates the signal transduction, which activates the molecular cascade PIP3/Akt/mTOR. Gliomas increase EGFR via overexpression of the gene or its amplification on chromosome 7p12 or the formation of a truncating mutation that produces constitutively active EGFRvIII [18]. Patients with brain tumours showed increased EGFR expression and postoperative seizures [18]. In addition, overexpression of EGFR has also been observed in cases of epilepsy [19,20]. Interestingly, blocking EGFR in the brain increased sensitivity to kainic acid and susceptibility to seizures [21]. EGFR inhibitors have been identified as novel antiepileptic agents [22]. This difference in results on EGFR upregulation and downregulation in patients with epilepsy may be explained by the influence of immune cells infiltrated in the epileptic region [20]. It is likely that the increased expression of EGFR in the brain in epilepsy in some studies may be related to the infiltration of immune cells into the brain [20]. However, the effect of a decrease in EGFR in neurons and an increase in tumour and immune cells on the development of epilepsy is not clear.



Another characteristic of epileptogenic IDHwt hLGG is the gain of at least one arm on chromosome 7 and loss of at least one arm on chromosome 10 (7+/10−), which is observed in 59% of glioblastomas and linked to poorer survival rates [23]. Chromosome 7 gain is seen in almost all cases of glioblastoma [24]. Overall, this aligns with previously reported findings on the significance of EGFR, situated on chromosomal region 7p11.2, in glioma function [18]. By contrast, epileptogenic gliomas display reduced expression of genes found on chromosome 10, such as the phosphatase and tensin homolog (PTEN), vimentin (VIM) and methyl guanine methyl transferase (MGMT), which are all located on 10q.



The telomerase reverse transcriptase (TERT) gene is located on chromosome 5p15.33. Normally telomerase is turned off due to the transcriptional repression of the TERT promoter (pTERT). Reactivation of telomerase reverse transcriptase via pTERT alterations plays a pivotal role in gliomas, with pTERT mutations found in 80–90%, correlating with higher TERT mRNA and protein expression and subsequent increased telomerase activity [16,25]. Despite the presence of seizures in many IDHwt hLGG patients, there are no definitive data on the association between TERT and epilepsy. It was found that the incidence of epilepsy was slightly higher in glioma patients with a TERT mutation than in wild-type patients, but this did not reach statistical significance. This may mean that the TERT mutation does not correlate with the frequency of seizures in gliomas [26].



TP53 tumour suppressor gene overexpression is present in 65% of secondary and 30% of primary glioblastomas. The relationship between epileptogenicity and p53 overexpression in glioblastomas is subject to conflicting data. It has been shown that increased p53 expression may or may not be linked to tumour epileptogenicity [10,27,28]. A possible mechanism of seizures in p53 overexpression may be related to activation of apoptosis processes and neuronal cell death, which contribute to increased excitability [29].



Methylation of the promoter of the MGMT repair protein gene significantly increases the propensity for postoperative seizures and the risk of epilepsy [14,28]. However, the precise mechanisms remain unknown. MGMT functions as a tumour suppressor gene, with its promoter frequently methylated when IDH mutations are present; thus, methylation of the promoter of MGMT is frequently observed in oligodendrogliomas and astrocytomas. In general, MGMT methylation is detected in 35–45% of gliomas [30].



VIM protein, which belongs to the intermediate filament family, plays a crucial role in cellular processes such as regeneration, proliferation and migration [31]. Vimentin is highly expressed in glioma cells and likely plays a prominent role in progression and resistance to cancer therapy [32], and it is also associated with a negative prognosis for glioma patients [33]. Vimentin, which is high in astrocytoma and low in oligodendroglioma, can be used as a classification tool for IHD-mutant gliomas. When combined with huntingtin-interacting protein 1 immunohistochemistry, vimentin testing can be utilised to classify tumours in place of 1p/19q status testing, with a specificity of 100% and a sensitivity of 95% [34,35]. Activation of early growth response 1 (EGR1) causes a decrease in VIM expression, which also contributes to a reduction in neuronal damage and prevents the progression of epilepsy [36]. In a recently described extremely rare epileptogenic angiocentric glioma, there are high levels of vimentin expression, epithelial membrane antigen (EMA) and glial fibrillary acidic protein (GFAP) [37]. Conversely, Pan and colleagues reported contradictory findings, demonstrating reduced VIM expression intensity in individuals with epilepsy [28]. The frequent deletion of chromosome 10q, where VIM is located, confirms its involvement in epileptogenic glioma [23].



Mutations in proteins controlling molecular cascades may lead to the indirect onset of oncogenesis and epileptogenesis. A genetic mutation in PTEN, which is found quite frequently (about 60% of cases) in individuals with glioblastomas, hinders its ability to stop the conversion of Phosphatidylinositol 4,5-bisphosphate (PIP2) to Phosphatidylinositol 3,4,5-trisphosphate (PIP3) through phosphorylation. This leads to the disinhibition of the PIP3/Akt/mTOR pathway and, ultimately, the development of cancer and the resistance of the tumour to treatment [38,39], and blocking PTEN leads to seizures [40].



The likely reason for a rare variant of idiopathic lateral temporal lobe epilepsy is the deactivation of the anti-leucine-rich glioma-inactivated 1 (LGI1) gene [41]. The LGI1 gene’s protein product is apparently implicated in intercellular communication. Its inactivation prompts inwardly rectifying potassium (Kir) 4.1 channel regulation alteration, an augmentation of potassium, an increase in glutamate levels and a decline in gamma-aminobutyric acid (GABA) [42]. Collectively, this leads to an increased excitability of neurons, which could potentially be a contributing factor to the development of epilepsy. Furthermore, decreased Kir4.1 channel activity leads to elevated levels of extracellular K+ and glutamate within tripartite synapses, promoting the expression of brain-derived neurotrophic factor (BDNF) by astrocytes, potentially playing a role in the development of epilepsy [43]. Although the expression of LGI1 decreases in gliomas with increasing malignancy [44] and there is a potential association between tumours and epilepsy, there is currently no available evidence to support this hypothesis. One of the possible mechanisms explaining the relationship between LGI1 inactivation and epilepsy is deletion of chromosome 10q24, where the LGI1 gene is located. Additionally, the loss of the factor inhibiting HIF (FIH-1) gene that is also located in this site can result in the constitutive activation of hypoxia-inducible factor (HIF)-1 activity, changes in the expression of HIF-1 targets and the survival of cancer cells under hypoxic conditions. This can subsequently lead to the development of hypervascularisation and epilepsy [45]. However, it is possible that the reduced LGI1 expression in epileptogenic gliomas stems from the frequent deletion of the 10q chromosome and is not directly associated with epilepsy.



3.1. Disruption of the mTOR Pathway Is Common in the Development of Gliomas and Epilepsy


An essential component of cellular signalling is mammalian target of rapamycin complex (mTORC), which receives signals from upstream regulatory proteins that are affected by various factors such as growth factors (e.g., insulin), adenosine triphosphate (ATP) levels and nutrients (e.g., amino acids and glucose). Upon activation, mTORC facilitates cell growth, survival and proliferation by regulating essential cellular processes, including mRNA translation and nucleotide biosynthesis. The PI3K/Akt/mTOR pathway molecular cascades are well characterised, incorporating many feedback loops; however, they necessitate more detailed scrutiny.



The effect of mTORC on the development of glioblastomas was described as early as the end of the last century [46,47] and has undergone extensive research over the past 25 years [48,49]. Briefly, epidermal growth factor receptor (EGFR) stimulates the activation of PI3K, which phosphorylates PIP2 to PIP3, which promotes the activation of Akt/protein kinase B (PKB). Akt inhibits the tuberous sclerosis complex (TSC1/2), which is an inhibitor of mTORC1. This triggers the activation of mTORC1 and mTORC2 and, as a result, enhances cell proliferation, cell growth and protein synthesis (Figure 1).



Apparent overactivation of mTOR signalling is prevalent in multiple types of epilepsy, including those resulting from genetic defects or acquired trauma [50,51]. Mutations in different regions of the mTOR pathway can lead to the development of epilepsy, and taking mTOR inhibitors reduces the number of seizures [52]. This is supported by the fact that suppression of mTOR signalling leads to a reduction in seizure frequency in patients with a mutation in TSC [53], STE20-related kinase adaptor protein α (STRADα) [54] and Rags1 [55]. It is interesting to note the case of an epilepsy patient with a mutation in the mTOR kinase domain. This mutation is often seen in cancer [56].



Activation of the PIP3/Akt/mTOR pathway leads to protein synthesis, cell growth and cell proliferation. In the context of tumour growth, this leads to uncontrolled cell proliferation and the formation of tumour foci. Altered ion channel expression is associated with subsequent changes in neuronal excitability, which may underlie the pathogenesis of epilepsy. In addition, tumour cells are likely to be able to induce pathological changes in interneurons or pyramidal cells, induce hyperexcitability and trigger epileptogenesis by acting through the mTOR pathway [57]. Thus, activation of the mTOR molecular cascade is observed in glioblastomas [48] and it could be a trigger for glioma-associated epilepsy [58].




3.2. Activation of the Transcription Factor HIF-1 in Gliomas and Epilepsy


There are conflicting data on the mechanisms of epileptogenesis in glioblastoma. On the one hand, hypoxia is a constant companion of the tumour. The normal cell response to hypoxia is the assembly of the hypoxia-inducible factor HIF-1 and the expression of genes under its control that help the cell adapt to hypoxia or eliminate it (e.g., EPO or VEGF) [59]. This ultimately leads to the induction of angiogenesis and a potential reduction in oxygen deprivation. HIF-1α has been shown to play a key role in the development and progression of gliomas [60].



Seizures in epilepsy are caused by overactive nerve cells that need more oxygen, which increases cerebral blood flow [61]. More than 20 years ago, it was shown that hypoxia can cause epileptogenesis and seizure susceptibility, as well as increased neuronal excitability [62,63,64,65]. There is probably no single cause of seizures following hypoxia in some cases. However, one potential candidate for contributing to epileptogenesis is the activation of the transcription factor HIF-1. Possible evidence for a role of HIF-1 in epilepsy induction is the presence of epileptic seizures in patients with glioblastoma. Increased expression of HIF-1 has been shown in the entorhinal cortices of patients with chronic epilepsy who died during an epileptic seizure [66] and of patients with temporal lobe epilepsy [67]. Also, HIF-1 may induce the expression of P-glycoprotein as one of the possible pathogeneses of refractory epilepsy [68].



Thus, the presence of hypoxia may be one of the factors that stimulates epilepsy in glioblastoma. However, there are conflicting data suggesting that HIF-1 and hypoxia have no influence on epileptogenesis in oncology (Figure 1) [69].




3.3. Ion Channels


Ion channels are membrane proteins that control the movement of various ions, including sodium (Na+), potassium (K+), calcium (Ca2+) and chloride (Cl−), into and out of cells. This is a significant mechanism in regulating cell function [70]. Ion channels and transporters play a crucial role in glioma biology and affect the tumour microenvironment significantly [71]. The exact molecular connection between the development of tumours, the onset of epilepsy and alterations in ion channel expression remains unclear.



Seizures can arise due to alterations in potassium buffering, resulting in elevated levels of the potassium ion channel Kir4.1 or the water channel aquaporin-4 (AQP-4) on tumour cells. The concurrent action of these channels facilitates the regulation of the concentration of the excitatory neurotransmitter glutamate [72]. The effect of these ion channels causes the extracellular space to have a higher concentration of potassium and glutamate, leading to the depolarisation of neuronal membrane potential and increasing excitability [73]. Reduced expression of the potassium chloride transporter chloride potassium symporter 5 (KCC2) in the peritumoural microenvironment of glioma may impede the loss of inhibitory transmission of GABA neuronal signalling, resulting in the creation of a hyperexcitable peritumoural environment [74].



Activation of ion channels in glioblastomas may result in not only epileptogenesis but also increased migration and proliferation of tumour cells. One of the defining characteristics of malignant gliomas is progressive cell migration and invasion into the surrounding normal brain tissue, making complete surgical resection of the tumour virtually impossible. By modifying the expression of Na+, K+ and 2Cl− ion channels, glioblastoma cells have the ability to alter their cancer cell morphology, for instance, acquiring a spindle shape which assists them in migrating through minute extracellular gaps [75]. Thus, impaired expression and function of ion channels cause changes in the ion content of the intercellular space, leading to increased neuronal excitability and epilepsy.





4. Blood–Brain Barrier Disorders Lead to Seizures


Sarkaria et al. confirmed that the blood–brain barrier (BBB) is damaged in glioblastomas and this disease is not focal but essentially affects the entire brain as a whole [76]. During various stages of the disease, gliomas interact with blood vessels in distinct ways. In earlier stages, blood vessels act as a mechanism for tumour invasion. Following this, the tumour tissue co-opts the vessels. As the tumour grows, a lack of oxygen and nutrients arises, which triggers the tumour to seek out angiogenesis and new vessel co-option to rectify the issue. The outcome of co-option is that the blood vessels are no longer regulated by vasoregulators that are released by astrocytes. Instead, they are regulated by the release of K+ by the glioma [77]. Normally, aquaporin 4 is expressed at the perivascular ends of astrocyte foot processes. These processes are in direct contact with blood vessels and regulate brain water balance and signalling [78]. Furthermore, AQP4 is highly expressed in tumours, promoting peritumoural oedema and opening of the blood–brain barrier (Figure 2) [79]. Hypoxia in cancer cells results in the secretion of vascular growth factor (VEGF), basic fibroblast growth factor (BFGF) and other factors. This initiates angiogenesis and creates new vessels [80]. The process is not associated with astrocytes and contributes to the BBB’s opening.



Glioma cells that have departed the tumour wedge themselves amidst the astrocyte endfeet and the endothelial barrier of the present blood vessel. Loss of contact between the endfeet and the endothelial wall results in a loss of connection, leading to focal disruption of the BBB. Consequently, the BBB is disrupted not only in the bulk of the tumour, but also far from its focal point [77].



Seizures may occur when the BBB is disrupted, and neurons are exposed to molecules that affect their excitability. A seizure begins when enough nerve cells synchronously depolarise and generate action potentials. Neuronal depolarisation depends on the opening of ion channels in the neuronal membrane and the subsequent influx of sodium ions (Na+) and efflux of potassium ions (K+). Opening of the blood–brain barrier results in the buildup of serum proteins in the brain, causing heightened excitability and neurodegeneration. Albumin enters the brain through a compromised blood–brain barrier and is mainly taken up by neurons, astrocytes and oligodendrocytes, leading to an effect on the activity of the epileptiform [81,82]. Exposure to albumin for 6 h resulted in robust, hypersynchronised, prolonged paroxysmal responses [82]. Exposure to this whey protein activates transforming growth factor beta (TGF-β) receptors on astrocytes, resulting in various molecular changes. These include heightened intracellular calcium, and suppression of inward rectifying potassium and aquaporin-4 channels. Ultimately, this leads to decreased potassium buffering and an increase in neuronal excitability (Figure 2) [83]. Furthermore, it seems that the impact of albumin is mainly attributed to astrocytes. Even though neurons have the ability to absorb it, only neurons that are already damaged can do so [84].



Fibrinogen is a molecular mediator that enters the CNS after BBB disruption and is causally associated with neuroinflammation and neuronal damage. Fibrinogen is unique among plasma proteins because of its molecular structure, which contains binding sites for receptors expressed by cells of the nervous system and for proteins that regulate key functions of the nervous system [85] and can apparently influence the opening of ion channels and induce spontaneous depolarisation. Thus, disruption of the blood–brain barrier itself affects the spontaneous activity of neurons through the entry of blood components. But it also leads to changes in the ionic balance in the environment surrounding neurons, as well as changes in pH [86,87].



In addition to all the above, it is worth mentioning that cramps are succeeded by spreading depression, a shift in the slow electrical potential and cessation of brain electrical activity. These changes can trigger blood vessels to bring about hypoperfusion, leading to a decrease in energy supply to damaged regions, exacerbating the disruption of the blood–brain barrier (BBB) [88]. Thus, the initial seizure triggered by the tumour may lead to recurrent seizures due to the breakdown of the blood–brain barrier.




5. The Pericellular Environment in Glioblastoma Modifies Neuronal Function to Influence the Presentation of Seizures


A clinical study reported a glutamate concentration of up to 100 μM found in the peritumoural cortex, which is 100-fold higher than that of uninvolved brain tissue [89,90]. The same increase also appears in mice with tumour xenografts [89,91] and in patients with tumour-associated epilepsy compared with patients with gliomas but without epilepsy [92]. In this case, glutamate functions as an activator for glioblastoma cell proliferation [93] and contributes to elevated epileptiform neuronal activity [89,92].



The physiological response of neurons to high levels of this neurotransmitter in the pericellular space leads to receptor-mediated Na+/Ca2+-dependent depolarisation, which ultimately results in abnormally high levels of intracellular Ca2+.



Glutamate imbalance arises as a result of tumour tissue activity. In a glioma xenograft model using nude mice, Buckingham et al. documented spontaneous, repetitive and unprovoked abnormal electroencephalogram (EEG) activity [89]. It was hypothesised that epileptic activity in mice with glioma was due to glutamate release by the tumour through the xc−—transporter system. The study demonstrated that the origin of glutamate might not be neurons, as previously reported [94,95], but the glioma cells themselves. This transporter exchanges extracellular cysteine for glutamate, resulting in an increase in glutamate levels within the peritumoural area. The transport of glutamate through Na+-dependent glutamate uptake is almost absent in glioma, leading to excess amounts of glutamate. Another factor to consider is D-2-hydroxyglutamate, which is released by glioma cells with an IDH1 mutation. This substance acts as an agonist of glutamate receptors on neurons. As a result, the glutamate produced by the glioma has an impact on epileptiform activity in peritumoural regions.



The proinflammatory cytokine IL-1β expressed in activated microglia and astrocytes within the tumour microenvironment enhances the release of glutamate from astrocytes and reduces glutamate reuptake. This leads to an increase in glutamate availability at neuronal synapses, resulting in neuronal hyperexcitability [96]. It has been suggested that IL-1β triggers seizures by activating NMDA receptors on postsynaptic cells via the glutamate receptor subunit [97]. Drugs that inhibit the action of IL-1 β have been subject to clinical trials to determine their therapeutic potential in treating epilepsy [98]. Therefore, the levels of glutamate in the extracellular space are affected by both the glioma cells and their microenvironment.



Haglund et al. observed that compared with nonepileptic areas surrounding the glioma, epileptic peritumour areas contain fewer neurons that secrete GABA [99]. The same conclusion was reached in 2014 [100]. They showed that peritumoural parvalbumin-positive GABAergic inhibitory interneurons are significantly reduced in areas near the glioma, resulting in a significant decrease in inhibitory neurotransmission of neurons, and they also recorded significantly lower membrane expression of KCC2 in these neurons [100].



The GABA molecule binds to GABAa receptors, which are ligand-operated chloride channels. The response of these channels to the GABA ligand is mainly determined by ionic changes in the intracellular space of the nervous system cell. This homeostasis is regulated by the KCC2 cotransporter, which is responsible for the balance of K+ and Cl−, and the Na–K–Cl cotransporter, which transports Na+, K+ and Cl−. If there is an abundance of chloride ions (Cl−) within the intracellular space, the GABAA receptor’s interaction with GABA results in the depolarisation of the neuron membrane. Conversely, if the opposite situation arises, hyperpolarisation occurs. This homeostatic balance is regulated by the aforementioned transporters. The inhibitory effects of GABA rely on the KCC2 transporter, which removes Cl− from the cell.



Failure to initiate an inhibitory signal results in neurons exhibiting epileptiform activity. Furthermore, it has been observed that GABA has the potential to stimulate the proliferation of tumour gliomas [101,102].



Glutamate released by neurons increases network activity, while the absence of GABAergic signalling to neurons and the malfunction of the KCC2 channel cause epileptic neuronal activity. Moreover, elevated levels of GABA and glutamate have been shown to enhance the proliferation of cancer cells. The underlying reasons for the GABA neurotransmitter imbalance in peritumoural regions remain unclear.




6. The Location of the Tumour in the Brain Dictates the Timing and Manifestation of Epilepsy


According to various sources, 30% [103], up to 56% [10,103,104], up to 75% [105,106] or up to 80% [2] of patients with gliomas may experience seizures during the course of their disease or treatment. According to some studies, 45–52% or 25–30% of patients have a preoperative debut of epileptic activity [10,104,107,108], with a postoperative debut of epileptic activity observed in 47% of patients [107,109]. The highest incidence of postoperative epilepsy occurred in patients with frontal lobe lesions. Of the 61 patients, 38 (62.3%) developed seizures [106]. The presence of seizures following the initial treatment is frequently an indicator of glioma advancement [107,110]. There is a common thesis that seizures as a manifestation of gliomas can indicate longer survival. However, it seems that the onset of epilepsy serves as the initial warning sign for diagnosing glioma, leading to earlier treatment and hence higher survival rates [3,111]. Interestingly, a negative inverse correlation exists between the size of the tumour and the likelihood of seizures, which could be attributed to earlier detection [107,112].



It seems that the location of LGGs has a strong association with the risk of experiencing seizures [113]. The location of the tumour is likely to have an effect on the onset of seizures, with seizures possibly occurring in regions that are remote from the tumour [113].



Previous research has already addressed the connection between a higher seizure incidence and localisation in the frontal and temporal lobes [106,114,115], and patients with tumours in the parietal lobe exhibited a higher likelihood of presurgical seizures as compared with those with tumours in other locations [106]. Furthermore, it has been observed that cortical tumours are more prone to inducing epileptiform activity [116]. A meta-analysis comprising more than 4300 patients has revealed that the probability of experiencing preoperative seizures markedly enhances in patients with frontal lobe-localised tumours [117]. Seizure rates in the meta-analysis range from 18% to 92% among the various studies examined. The incidence of epilepsy in 57% of patients with a frontal lobe tumour is reported across all studies included in the meta-analysis [117]. The frontal lobe is closely linked to surrounding structures such as the thalamus, basal ganglia and brainstem. Thus, discharges from frontal neurons may potentially spread to the aforementioned regions, leading to epileptic seizures [118]. Although there is some indication of an increased probability of seizures when a parietal lobe tumour is present, a study of 4065 patients found that 52.5% of patients with such a tumour experienced seizures [117]. However, the authors acknowledge that variations in study methodology may account for this.



The incidence of seizures is less common in tumours situated in the occipital lobe (39.4%) [117]. An additional meta-analysis involving 2047 patients confirmed this information [119].



It has also been suggested that tumours in the hippocampus have been linked to epilepsy due to the abundance of excitatory neurons in these regions [114,116]. It has been demonstrated that the hippocampus tends to expand due to a range of pathophysiological factors, potentially brought about by increased neurogenesis. This phenomenon is observed even in patients afflicted with tumours. Patients with gliomas show augmented hippocampal neuron activity [120]. Hippocampal sclerosis may cause temporal lobe epilepsy in patients with gliomas [121,122]. Notably, seizures can still occur in 20–35% of patients even after glioma resection [123]. Data from a cohort study demonstrate that patients who develop postoperative epilepsy have a greater risk of mortality. This increased risk may be due to more aggressive development of glioma and neuroinflammation [124]. The occurrence of postoperative epilepsy can be attributed to residual tumour cells after surgical resection or the recruitment of unaffected healthy areas in the brain. Additionally, network reorganisation and the induction of secondary epileptic activity can also contribute to this phenomenon [123]. Ghareeb and Duffau investigated the effectiveness of hippocampectomy for patients with intractable epilepsy caused by frontotemporoinsular or temporoinsular glioma. Their research demonstrated that removal of the hippocampus can stop seizures, even if the hippocampus was not affected by glioma [123].



In cases of temporal lobe epilepsy, amygdala lesions are frequently detected. The amygdala is a substantial nuclear structure responsible for receiving and processing sensory information pertaining to visual, auditory, olfactory, gustatory and somatosensory modalities. Consequently, injury to the amygdala may result in seizures and hallucinations [125]. Patients diagnosed with gliomas in the amygdala region experienced seizures [126,127,128]. A patient with temporal lobe epilepsy and psychosis experienced an improvement in psychotic symptoms after removal of an amygdala glioma [129].




7. Metastasis to the Brain of Various Tumours Can Lead to Epilepsy


Epilepsy can occur to varying degrees in primary tumours, secondary tumours or brain metastases. Brain metastases occur in up to 40% of all patients with tumours, most commonly in patients with lung, breast and colorectal cancers, melanoma or renal cell carcinoma [130,131]. A total of 10–30% of patients with brain metastases have epilepsy or seizures [132,133]. The most epileptogenic tumours are lung cancers or other tumours with supratentorial localisation of brain metastases, especially in the motor cortex, temporal lobe or parietal lobe [133,134]. The least epileptogenic are breast tumours [133]. There appear to be no obvious genetic or biochemical criteria for nonbrain tumours that can be used to assess the likelihood of epilepsy in brain metastases. The localisation of metastases plays an important role in the occurrence of seizures. However, the association between epilepsy and brain metastases requires further investigation.




8. Conclusions


For a considerable period, investigations into the causes of epilepsy associated with glioma have been conducted, resulting in a diverse range of disease scenarios being described.



Several studies have shown that the presence of an IDH1 mutation in patients with glioblastoma heightens the likelihood of epilepsy development [9,13,58,135]. Specifically, 90% of patients diagnosed with IDH1-mutant oligodendroglioma present glioma-associated epilepsy [13]. However, there is no correlation between their chromosomal mutation on chromosomes 1 and 19 and seizures. Additionally, it has been found that patients with IDH1-mutant astrocytoma are more prone to experiencing seizures compared with those with glioblastoma. D2-HG, a crucial metabolite produced by gliomas with IDH1 mutation, could potentially facilitate neuronal fusion by modifying neuronal molecular activity and triggering the mTOR signalling pathway. Moreover, D2-HG mimics the effect of glutamate by delivering a stimulant that hyperpolarises neurons. Furthermore, it has been noted that augmented EGFR expression in gliomas alongside pTERT mutation and/or chromosomal abnormality of chromosomes 7 and 10 can result in seizures in 75% of patients [18]. There have been reports that EGFR expression is upregulated in immune cells in epilepsy, but not in nerve cells [20]. This indicates that there are shared occurrence patterns between glioma-induced and non-tumour-induced epilepsy. However, the molecular pathogenetic mechanisms which impact neuronal network activity have not yet been elucidated. Extensive genetic studies need to be conducted to confirm or refute the impact of EGFR, while it is important to note that gliomas demonstrate various molecular characteristics. With this clarification, epilepsy can result from a range of distinct causes, each with its own pathophysiology of tumour cells, thus endorsing its multifactorial nature.



It is suggested that the substantial morpho-functional alterations in the brain due to glioma disrupt the routine functional activity of neuronal networks. The appearance of epileptic seizures at various stages of the disease course is affected by factors like tumour volume, tumour site and the aggressiveness of the tumour’s surroundings.



The incidence of epileptic seizures post-treatment in patients remains a poorly researched, yet fascinating aspect. There is no indication that patients who have undergone surgical tumour resection are prone to experiencing seizures. However, postoperative seizures occur in 6–14% of cases immediately following the procedure [107,109,136]. This can be attributed to either the size of the tumour excised or its localisation [109], but is associated with an unfavourable forecast [137]. Incomplete resection has been found to increase the risk of primary postoperative seizures [106], and this is also applicable to nonglial tumours that spread to the brain [138]. The delayed onset of epilepsy in this scenario cannot be viewed as a consequence of the surgery; therefore, surgery cannot trigger epileptogenesis.



Radiation-induced inflammation may trigger seizures, either de novo or during radiation therapy. While this has been reported in previous studies, no definitive research exists on the subject. In 2022, Troels W Kjaer and his associates published a study suggesting that radiation therapy for highly malignant gliomas could potentially result in elevated seizure activity during the treatment period. They found that patients who received radiation therapy had a significantly higher risk of experiencing seizures compared with those who did not receive this treatment [138]. Around 13% of patients experience the onset of epilepsy either during or directly after being exposed to radiotherapy [107]. However, there is no correlation between these data and dose-dependent relationships or treatment duration. Further research in this field is necessary. It should be noted that surgery or treatment of gliomas alone does not cause epilepsy in patients. However, certain factors may indicate the need for adding antiepileptic drugs to the treatment plan [109].



There are numerous gaps in the understanding of the mechanisms underlying glioma-related epilepsy. Specifically, the precise molecular pathway linking the pTERT mutation in glioma cells, MGMT promoter methylation, the imbalance of neurotransmitters in the peritumoural space and the development of seizures remains unclear. There is ongoing debate surrounding the expression of vimentin, rhodium and p53, as well as LGI1, with regards to epilepsy in glioma patients. It remains unclear whether tumour location plays a significant role in the initiation of seizures. While some individual studies suggest a link between the size and location of brain tumours, meta-analyses combining these findings fail to confirm this relationship. Disentangling the pathophysiological mechanisms of glioma-associated epilepsy is a major biomedical challenge. Consequently, glioma-associated epilepsy is a complex disease with one or more potential causes, of which the exact mechanisms are yet to be fully elucidated.







Author Contributions


All authors contributed equally to the writing and editing of this article. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Science and Higher Education of the Russian Federation (project no. FSWR-2023-0029).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Thijs, R.D.; Surges, R.; O’Brien, T.J.; Sander, J.W. Epilepsy in Adults. Lancet 2019, 393, 689–701. [Google Scholar] [CrossRef] [PubMed]

	



Le, V.-T.; Nguyen, A.M.; Pham, T.A.; Nguyen, P.L. Tumor-Related Epilepsy and Post-Surgical Outcomes: Tertiary Hospital Experience in Vietnam. Sci. Rep. 2023, 13, 10859. [Google Scholar] [CrossRef]

	



Sokolov, E.; Dietrich, J.; Cole, A.J. The Complexities Underlying Epilepsy in People with Glioblastoma. Lancet Neurol. 2023, 22, 505–516. [Google Scholar] [CrossRef] [PubMed]

	



Barker, C.A.; Bishop, A.J.; Chang, M.; Beal, K.; Chan, T.A. Valproic Acid Use During Radiation Therapy for Glioblastoma Associated with Improved Survival. Int. J. Radiat. Oncol. Biol. Phys. 2013, 86, 504–509. [Google Scholar] [CrossRef]

	



Ryu, J.Y.; Min, K.L.; Chang, M.J. Effect of Anti-Epileptic Drugs on the Survival of Patients with Glioblastoma Multiforme: A Retrospective, Single-Center Study. PLoS ONE 2019, 14, e0225599. [Google Scholar] [CrossRef] [PubMed]

	



Haggiagi, A.; Avila, E.K. Seizure Response to Temozolomide Chemotherapy in Patients with WHO Grade II Oligodendroglioma: A Single-Institution Descriptive Study. Neurooncol. Pract. 2019, 6, 203–208. [Google Scholar] [CrossRef] [PubMed]

	



Navarria, P.; Pessina, F.; Clerici, E.; Bellu, L.; Franzese, C.; Franzini, A.; Simonelli, M.; Bello, L.; Santoro, A.; Politi, L.S.; et al. Re-Irradiation for Recurrent High Grade Glioma (HGG) Patients: Results of a Single Arm Prospective Phase 2 Study. Radiother. Oncol. 2022, 167, 89–96. [Google Scholar] [CrossRef]

	



WHO Classification of Tumours Editorial Board. Central Nervous System Tumours: WHO Classification of Tumours, 5th ed.; International Agency for Research on Cancer: Lyon, France, 2021; Volume 6. [Google Scholar]

	



Yang, Y.; Mao, Q.; Wang, X.; Liu, Y.; Mao, Y.; Zhou, Q.; Luo, J. An Analysis of 170 Glioma Patients and Systematic Review to Investigate the Association between IDH-1 Mutations and Preoperative Glioma-Related Epilepsy. J. Clin. Neurosci. 2016, 31, 56–62. [Google Scholar] [CrossRef]

	



Shen, S.; Bai, Y.; Zhang, B.; Liu, T.; Yu, X.; Feng, S. Correlation of Preoperative Seizures with a Wide Range of Tumor Molecular Markers in Gliomas: An Analysis of 442 Glioma Patients from China. Epilepsy Res. 2020, 166, 106430. [Google Scholar] [CrossRef]

	



Li, Y.; Shan, X.; Wu, Z.; Wang, Y.; Ling, M.; Fan, X. IDH1 Mutation Is Associated with a Higher Preoperative Seizure Incidence in Low-Grade Glioma: A Systematic Review and Meta-Analysis. Seizure 2018, 55, 76–82. [Google Scholar] [CrossRef]

	



Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger, G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A Summary. Neuro. Oncol. 2021, 23, 1231–1251. [Google Scholar] [CrossRef] [PubMed]

	



Kerkhof, M.; Benit, C.; Duran-Pena, A.; Vecht, C.J. Seizures in Oligodendroglial Tumors. CNS Oncol. 2015, 4, 347–356. [Google Scholar] [CrossRef] [PubMed]

	



Feyissa, A.M.; Worrell, G.A.; Tatum, W.O.; Chaichana, K.L.; Jentoft, M.E.; Guerrero Cazares, H.; Ertekin-Taner, N.; Rosenfeld, S.S.; ReFaey, K.; Quinones-Hinojosa, A. Potential Influence of IDH1 Mutation and MGMT Gene Promoter Methylation on Glioma-Related Preoperative Seizures and Postoperative Seizure Control. Seizure 2019, 69, 283–289. [Google Scholar] [CrossRef]

	



Fang, S.; Li, L.; Weng, S.; Guo, Y.; Fan, X.; Jiang, T.; Wang, Y. Altering Patterns of Sensorimotor Network in Patients with Different Pathological Diagnoses and Glioma-related Epilepsy under the Latest Glioma Classification of the Central Nervous System. CNS Neurosci. Ther. 2023, 29, 1368–1378. [Google Scholar] [CrossRef]

	



van Opijnen, M.P.; Tesileanu, C.M.S.; Dirven, L.; van der Meer, P.B.; Wijnenga, M.M.J.; Vincent, A.J.P.E.; Broekman, M.L.D.; Dubbink, H.J.; Kros, J.M.; van Duinen, S.G.; et al. IDH1/2 Wildtype Gliomas Grade 2 and 3 with Molecular Glioblastoma-like Profile Have a Distinct Course of Epilepsy Compared to IDH1/2 Wildtype Glioblastomas. Neuro. Oncol. 2023, 25, 701–709. [Google Scholar] [CrossRef] [PubMed]

	



Brat, D.J.; Aldape, K.; Colman, H.; Holland, E.C.; Louis, D.N.; Jenkins, R.B.; Kleinschmidt-DeMasters, B.K.; Perry, A.; Reifenberger, G.; Stupp, R.; et al. CIMPACT-NOW Update 3: Recommended Diagnostic Criteria for “Diffuse Astrocytic Glioma, IDH-Wildtype, with Molecular Features of Glioblastoma, WHO Grade IV”. Acta Neuropathol. 2018, 136, 805–810. [Google Scholar] [CrossRef] [PubMed]

	



Yang, P.; Liang, T.; Zhang, C.; Cai, J.; Zhang, W.; Chen, B.; Qiu, X.; Yao, K.; Li, G.; Wang, H.; et al. Clinicopathological Factors Predictive of Postoperative Seizures in Patients with Gliomas. Seizure 2016, 35, 93–99. [Google Scholar] [CrossRef]

	



Vasudevaraja, V.; Rodriguez, J.H.; Pelorosso, C.; Zhu, K.; Buccoliero, A.M.; Onozato, M.; Mohamed, H.; Serrano, J.; Tredwin, L.; Garonzi, M.; et al. Somatic Focal Copy Number Gains of Noncoding Regions of Receptor Tyrosine Kinase Genes in Treatment-Resistant Epilepsy. J. Neuropathol. Exp. Neurol. 2021, 80, 160–168. [Google Scholar] [CrossRef]

	



Luo, Y.; Xiao, H.; Chen, H.; Gan, H.; Zhang, M.; Palahati, A.; Duan, Y.; Zhai, X. Identification of Epidermal Growth Factor Receptor as an Immune-Related Biomarker in Epilepsy Using Multi-Transcriptome Data. Transl. Pediatr. 2023, 12, 681–694. [Google Scholar] [CrossRef]

	



Robson, J.P.; Wagner, B.; Glitzner, E.; Heppner, F.L.; Steinkellner, T.; Khan, D.; Petritsch, C.; Pollak, D.D.; Sitte, H.H.; Sibilia, M. Impaired Neural Stem Cell Expansion and Hypersensitivity to Epileptic Seizures in Mice Lacking the EGFR in the Brain. FEBS J. 2018, 285, 3175–3196. [Google Scholar] [CrossRef]

	



Liu, J.; Sternberg, A.R.; Ghiasvand, S.; Berdichevsky, Y. Epilepsy-on-a-Chip System for Antiepileptic Drug Discovery. IEEE Trans. Biomed. Eng. 2019, 66, 1231–1241. [Google Scholar] [CrossRef] [PubMed]

	



Stichel, D.; Ebrahimi, A.; Reuss, D.; Schrimpf, D.; Ono, T.; Shirahata, M.; Reifenberger, G.; Weller, M.; Hänggi, D.; Wick, W.; et al. Distribution of EGFR Amplification, Combined Chromosome 7 Gain and Chromosome 10 Loss, and TERT Promoter Mutation in Brain Tumors and Their Potential for the Reclassification of IDHwt Astrocytoma to Glioblastoma. Acta Neuropathol. 2018, 136, 793–803. [Google Scholar] [CrossRef]

	



Crespo, I.; Vital, A.L.; Nieto, A.B.; Rebelo, O.; Tão, H.; Lopes, M.C.; Oliveira, C.R.; French, P.J.; Orfao, A.; Tabernero, M.D. Detailed Characterization of Alterations of Chromosomes 7, 9, and 10 in Glioblastomas as Assessed by Single-Nucleotide Polymorphism Arrays. J. Mol. Diagn. 2011, 13, 634–647. [Google Scholar] [CrossRef] [PubMed]

	



Powter, B.; Jeffreys, S.A.; Sareen, H.; Cooper, A.; Brungs, D.; Po, J.; Roberts, T.; Koh, E.-S.; Scott, K.F.; Sajinovic, M.; et al. Human TERT Promoter Mutations as a Prognostic Biomarker in Glioma. J. Cancer Res. Clin. Oncol. 2021, 147, 1007–1017. [Google Scholar] [CrossRef] [PubMed]

	



Tang, F.; Chen, X.; Liu, J.-S.; Liu, Z.-Y.; Yang, J.-Z.; Wang, Z.-F.; Li, Z.-Q. TERT Mutations-Associated Alterations in Clinical Characteristics, Immune Environment and Therapy Response in Glioblastomas. Discover. Oncol. 2023, 14, 148. [Google Scholar] [CrossRef] [PubMed]

	



Toledo, M.; Sarria-Estrada, S.; Quintana, M.; Maldonado, X.; Martinez-Ricarte, F.; Rodon, J.; Auger, C.; Aizpurua, M.; Salas-Puig, J.; Santamarina, E.; et al. Epileptic Features and Survival in Glioblastomas Presenting with Seizures. Epilepsy Res. 2017, 130, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Pan, S.-P.; Zheng, X.-L.; Zhang, N.; Lin, X.-M.; Li, K.-J.; Xia, X.-F.; Zou, C.-L.; Zhang, W.-Y. A Novel Nomogram for Predicting the Risk of Epilepsy Occurrence after Operative in Gliomas Patients without Preoperative Epilepsy History. Epilepsy Res. 2021, 174, 106641. [Google Scholar] [CrossRef]

	



Engel, T.; Tanaka, K.; Jimenez-Mateos, E.M.; Caballero-Caballero, A.; Prehn, J.H.M.; Henshall, D.C. Loss of P53 Results in Protracted Electrographic Seizures and Development of an Aggravated Epileptic Phenotype Following Status Epilepticus. Cell Death Dis. 2010, 1, e79. [Google Scholar] [CrossRef]

	



Fontana, L.; Tabano, S.; Bonaparte, E.; Marfia, G.; Pesenti, C.; Falcone, R.; Augello, C.; Carlessi, N.; Silipigni, R.; Guerneri, S.; et al. MGMT-Methylated Alleles Are Distributed Heterogeneously Within Glioma Samples Irrespective of IDH Status and Chromosome 10q Deletion. J. Neuropathol. Exp. Neurol. 2016, 75, 791–800. [Google Scholar] [CrossRef]

	



Sullivan, T.; Robert, L.; Teebagy, P.; Morgan, S.; Beatty, E.; Cicuto, B.; Nowd, P.; Rieger-Christ, K.; Bryan, D. Spatiotemporal MicroRNA Profile in Peripheral Nerve Regeneration: MiR-138 Targets Vimentin and Inhibits Schwann Cell Migration and Proliferation. Neural. Regen. Res. 2018, 13, 1253. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhao, S.; Chen, Y.; Ma, W.; Lu, S.; He, L.; Chen, J.; Chen, X.; Zhang, X.; Shi, Y.; et al. Vimentin Promotes Glioma Progression and Maintains Glioma Cell Resistance to Oxidative Phosphorylation Inhibition. Cell. Oncol. 2023. [Google Scholar] [CrossRef] [PubMed]

	



He, C.; Sheng, L.; Pan, D.; Jiang, S.; Ding, L.; Ma, X.; Liu, Y.; Jia, D. Single-Cell Transcriptomic Analysis Revealed a Critical Role of SPP1/CD44-Mediated Crosstalk Between Macrophages and Cancer Cells in Glioma. Front. Cell. Dev. Biol. 2021, 9, 779319. [Google Scholar] [CrossRef] [PubMed]

	



Felix, M.; Friedel, D.; Jayavelu, A.K.; Filipski, K.; Reinhardt, A.; Warnken, U.; Stichel, D.; Schrimpf, D.; Korshunov, A.; Wang, Y.; et al. HIP1R and Vimentin Immunohistochemistry Predict 1p/19q Status in IDH-Mutant Glioma. Neuro. Oncol. 2022, 24, 2121–2132. [Google Scholar] [CrossRef]

	



Kim, S.-I.; Lee, K.; Bae, J.; Lee, S.; Yun, H.; Park, C.-K.; Choi, S.H.; Maquiling, C.A.; Park, S.-H.; Won, J.-K. Revisiting Vimentin: A Negative Surrogate Marker of Molecularly Defined Oligodendroglioma in Adult Type Diffuse Glioma. Brain Tumor Pathol. 2021, 38, 271–282. [Google Scholar] [CrossRef] [PubMed]

	



Dong, Z.; Min, F.; Zhang, S.; Zhang, H.; Zeng, T. EGR1-Driven METTL3 Activation Curtails VIM-Mediated Neuron Injury in Epilepsy. Neurochem. Res. 2023, 48, 3349–3362. [Google Scholar] [CrossRef] [PubMed]

	



Preusser, M.; Hoischen, A.; Novak, K.; Czech, T.; Prayer, D.; Hainfellner, J.A.; Baumgartner, C.; Woermann, F.G.; Tuxhorn, I.E.; Pannek, H.W.; et al. Angiocentric Glioma. Am. J. Surg. Pathol. 2007, 31, 1709–1718. [Google Scholar] [CrossRef] [PubMed]

	



Koul, D. PTEN Signaling Pathways in Glioblastoma. Cancer Biol. Ther. 2008, 7, 1321–1325. [Google Scholar] [CrossRef]

	



Choi, S.W.; Lee, Y.; Shin, K.; Koo, H.; Kim, D.; Sa, J.K.; Cho, H.J.; Shin, H.; Lee, S.J.; Kim, H.; et al. Mutation-Specific Non-Canonical Pathway of PTEN as a Distinct Therapeutic Target for Glioblastoma. Cell Death Dis. 2021, 12, 374. [Google Scholar] [CrossRef]

	



Williams, M.R.; DeSpenza, T.; Li, M.; Gulledge, A.T.; Luikart, B.W. Hyperactivity of Newborn Pten Knock-out Neurons Results from Increased Excitatory Synaptic Drive. J. Neurosci. 2015, 35, 943–959. [Google Scholar] [CrossRef]

	



Kalachikov, S.; Evgrafov, O.; Ross, B.; Winawer, M.; Barker-Cummings, C.; Boneschi, F.M.; Choi, C.; Morozov, P.; Das, K.; Teplitskaya, E.; et al. Mutations in LGI1 Cause Autosomal-Dominant Partial Epilepsy with Auditory Features. Nat. Genet. 2002, 30, 335–341. [Google Scholar] [CrossRef]

	



Kinboshi, M.; Shimizu, S.; Tokudome, K.; Mashimo, T.; Serikawa, T.; Ito, H.; Takahashi, R.; Ikeda, A.; Ohno, Y. Imbalance of Glutamatergic and GABAergic Neurotransmission in Audiogenic Seizure-Susceptible Leucine-Rich Glioma-Inactivated 1 (Lgi1)-Mutant Rats. Heliyon 2023, 9, e17984. [Google Scholar] [CrossRef] [PubMed]

	



Kinboshi, M.; Ikeda, A.; Ohno, Y. Role of Astrocytic Inwardly Rectifying Potassium (Kir) 4.1 Channels in Epileptogenesis. Front. Neurol. 2020, 11. [Google Scholar] [CrossRef] [PubMed]

	



Besleaga, R.; Montesinos-Rongen, M.; Perez-Tur, J.; Siebert, R.; Deckert, M. Expression of the LGI1 Gene Product in Astrocytic Gliomas: Downregulation with Malignant Progression. Virchows. Archiv. 2003, 443, 561–564. [Google Scholar] [CrossRef] [PubMed]

	



Wang, E.; Zhang, C.; Polavaram, N.; Liu, F.; Wu, G.; Schroeder, M.A.; Lau, J.S.; Mukhopadhyay, D.; Jiang, S.-W.; O’Neill, B.P.; et al. The Role of Factor Inhibiting HIF (FIH-1) in Inhibiting HIF-1 Transcriptional Activity in Glioblastoma Multiforme. PLoS ONE 2014, 9, e86102. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, P. The Development and Therapeutic Potential of Protein Kinase Inhibitors. Curr. Opin. Chem. Biol. 1999, 3, 459–465. [Google Scholar] [CrossRef] [PubMed]

	



Hosoi, H.; Dilling, M.B.; Liu, L.N.; Danks, M.K.; Shikata, T.; Sekulic, A.; Abraham, R.T.; Lawrence, J.C.; Houghton, P.J. Studies on the Mechanism of Resistance to Rapamycin in Human Cancer Cells. Mol. Pharmacol. 1998, 54, 815–824. [Google Scholar] [CrossRef] [PubMed]

	



Riis, O.; Stensvold, A.; Stene-Johansen, H.; Westad, F.; Mehmod, R. Novel Insights into MTOR Signalling Pathways: A Paradigm for Targeted Tumor Therapy. Cancer Adv. 2023, 6, e2023017. [Google Scholar] [CrossRef]

	



Hashemi, M.; Etemad, S.; Rezaei, S.; Ziaolhagh, S.; Rajabi, R.; Rahmanian, P.; Abdi, S.; Koohpar, Z.K.; Rafiei, R.; Raei, B.; et al. Progress in Targeting PTEN/PI3K/Akt Axis in Glioblastoma Therapy: Revisiting Molecular Interactions. Biomed. Pharmacother. 2023, 158, 114204. [Google Scholar] [CrossRef]

	



Citraro, R.; Leo, A.; Constanti, A.; Russo, E.; De Sarro, G. MTOR Pathway Inhibition as a New Therapeutic Strategy in Epilepsy and Epileptogenesis. Pharmacol. Res. 2016, 107, 333–343. [Google Scholar] [CrossRef]

	



Meng, X.-F.; Yu, J.-T.; Song, J.-H.; Chi, S.; Tan, L. Role of the MTOR Signaling Pathway in Epilepsy. J. Neurol. Sci. 2013, 332, 4–15. [Google Scholar] [CrossRef]

	



Śmiałek, D.; Kotulska, K.; Duda, A.; Jóźwiak, S. Effect of MTOR Inhibitors in Epilepsy Treatment in Children with Tuberous Sclerosis Complex Under 2 Years of Age. Neurol. Ther. 2023, 12, 931–946. [Google Scholar] [CrossRef]

	



Cardamone, M.; Flanagan, D.; Mowat, D.; Kennedy, S.E.; Chopra, M.; Lawson, J.A. Mammalian Target of Rapamycin Inhibitors for Intractable Epilepsy and Subependymal Giant Cell Astrocytomas in Tuberous Sclerosis Complex. J. Pediatr. 2014, 164, 1195–1200. [Google Scholar] [CrossRef] [PubMed]

	



Parker, W.E.; Orlova, K.A.; Parker, W.H.; Birnbaum, J.F.; Krymskaya, V.P.; Goncharov, D.A.; Baybis, M.; Helfferich, J.; Okochi, K.; Strauss, K.A.; et al. Rapamycin Prevents Seizures After Depletion of STRADA in a Rare Neurodevelopmental Disorder. Sci. Transl. Med. 2013, 5, 182ra53. [Google Scholar] [CrossRef] [PubMed]

	



Hadzsiev, K.; Hegyi, M.; Fogarasi, A.; Bodó-Baltavári, T.; Zsigmond, A.; Maász, A.; Szabó, A.; Till, Á. Observation of a Possible Successful Treatment of DEPDC5-Related Epilepsy with MTOR Inhibitor. Neuropediatrics 2023, 54, 344–346. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Q.; Uliel-Sibony, S.; Dunham, C.; Sarnat, H.; Flores-Sarnat, L.; Brunga, L.; Davidson, S.; Lo, W.; Shlien, A.; Connolly, M.; et al. MTOR Inhibitors as a New Therapeutic Strategy in Treatment Resistant Epilepsy in Hemimegalencephaly: A Case Report. J. Child. Neurol. 2019, 34, 132–138. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, Y.; Xiang, W.; Yanhui, L.; Ruofei, L.; Jiewen, L.; Shu, J.; Qing, M. Activation of the MTOR Signaling Pathway in Peritumoral Tissues Can Cause Glioma-Associated Seizures. Neurol. Sci. 2017, 38, 61–66. [Google Scholar] [CrossRef]

	



Mortazavi, A.; Fayed, I.; Bachani, M.; Dowdy, T.; Jahanipour, J.; Khan, A.; Owotade, J.; Walbridge, S.; Inati, S.K.; Steiner, J.; et al. IDH-Mutated Gliomas Promote Epileptogenesis through D-2-hydroxyglutarate-dependent MTOR Hyperactivation. Neuro. Oncol. 2022, 24, 1423–1435. [Google Scholar] [CrossRef]

	



Semenza, G.L. HIF-1: Mediator of Physiological and Pathophysiological Responses to Hypoxia. J. Appl. Physiol. 2000, 88, 1474–1480. [Google Scholar] [CrossRef]

	



Wang, G.; Wang, J.-J.; Fu, X.-L.; Guang, R.; To, S.-S.T. Advances in the Targeting of HIF-1α and Future Therapeutic Strategies for Glioblastoma Multiforme. Oncol. Rep. 2017, 37, 657–670. [Google Scholar] [CrossRef]

	



Mercante, B.; Nuvoli, S.; Sotgiu, M.A.; Manca, A.; Todesco, S.; Melis, F.; Spanu, A.; Deriu, F. SPECT Imaging of Cerebral Blood Flow Changes Induced by Acute Trigeminal Nerve Stimulation in Drug-Resistant Epilepsy: A Pilot Study. Clin. Neurophysiol. 2021, 132, 1274–1282. [Google Scholar] [CrossRef]

	



Jensen, F.E.; Wang, C. Hypoxia-Induced Hyperexcitability in Vivo and in Vitro in the Immature Hippocampus. Epilepsy Res. 1996, 26, 131–140. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez, R.M.; Koh, S.; Rio, C.; Wang, C.; Lamperti, E.D.; Sharma, D.; Corfas, G.; Jensen, F.E. Decreased Glutamate Receptor 2 Expression and Enhanced Epileptogenesis in Immature Rat Hippocampus after Perinatal Hypoxia-Induced Seizures. J. Neurosci. 2001, 21, 8154–8163. [Google Scholar] [CrossRef] [PubMed]

	



Rubaj, A.; Zgodziński, W.; Sieklucka-Dziuba, M. The Epileptogenic Effect of Seizures Induced by Hypoxia. Pharmacol. Biochem. Behav. 2003, 74, 303–311. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Fan, Q. Relationship between Chronic Hypoxia and Seizure Susceptibility. CNS Neurosci. Ther. 2022, 28, 1689–1705. [Google Scholar] [CrossRef]

	



Feast, A.; Martinian, L.; Liu, J.; Catarino, C.B.; Thom, M.; Sisodiya, S.M. Investigation of Hypoxia-Inducible Factor-1α in Hippocampal Sclerosis: A Postmortem Study. Epilepsia 2012, 53, 1349–1359. [Google Scholar] [CrossRef]

	



Gualtieri, F.; Marinelli, C.; Longo, D.; Pugnaghi, M.; Nichelli, P.F.; Meletti, S.; Biagini, G. Hypoxia Markers Are Expressed in Interneurons Exposed to Recurrent Seizures. Neuromolecular. Med. 2013, 15, 133–146. [Google Scholar] [CrossRef]

	



Wang, G.; Xie, G.; Han, L.; Wang, D.; Du, F.; Kong, X.; Su, G. Involvement of Hypoxia-Inducible Factor-1 Alpha in the Upregulation of P-Glycoprotein in Refractory Epilepsy. NeuroReport 2019, 30, 1191–1196. [Google Scholar] [CrossRef]

	



Berendsen, S.; Spliet, W.G.M.; Geurts, M.; Van Hecke, W.; Seute, T.; Snijders, T.J.; Bours, V.; Bell, E.H.; Chakravarti, A.; Robe, P.A. Epilepsy Associates with Decreased HIF-1α/STAT5b Signaling in Glioblastoma. Cancers 2019, 11, 41. [Google Scholar] [CrossRef]

	



Chen, T.-S.; Lai, M.-C.; Huang, H.-Y.I.; Wu, S.-N.; Huang, C.-W. Immunity, Ion Channels and Epilepsy. Int. J. Mol. Sci. 2022, 23, 6446. [Google Scholar] [CrossRef]

	



Molenaar, R.J. Ion Channels in Glioblastoma. ISRN Neurol. 2011, 2011, 1–7. [Google Scholar] [CrossRef]

	



Woo, J.; Han, Y.-E.; Koh, W.; Won, J.; Park, M.G.; An, H.; Lee, C.J. Pharmacological Dissection of Intrinsic Optical Signal Reveals a Functional Coupling between Synaptic Activity and Astrocytic Volume Transient. Exp. Neurobiol. 2019, 28, 30–42. [Google Scholar] [CrossRef] [PubMed]

	



Takayasu, T.; Kurisu, K.; Esquenazi, Y.; Ballester, L.Y. Ion Channels and Their Role in the Pathophysiology of Gliomas. Mol. Cancer Ther. 2020, 19, 1959–1969. [Google Scholar] [CrossRef] [PubMed]

	



Moore, Y.E.; Deeb, T.Z.; Chadchankar, H.; Brandon, N.J.; Moss, S.J. Potentiating KCC2 Activity Is Sufficient to Limit the Onset and Severity of Seizures. Proc. Natl. Acad. Sci. USA 2018, 115, 10166–10171. [Google Scholar] [CrossRef]

	



Griffin, M.; Khan, R.; Basu, S.; Smith, S. Ion Channels as Therapeutic Targets in High Grade Gliomas. Cancers 2020, 12, 3068. [Google Scholar] [CrossRef]

	



Sarkaria, J.N.; Hu, L.S.; Parney, I.F.; Pafundi, D.H.; Brinkmann, D.H.; Laack, N.N.; Giannini, C.; Burns, T.C.; Kizilbash, S.H.; Laramy, J.K.; et al. Is the Blood–Brain Barrier Really Disrupted in All Glioblastomas? A Critical Assessment of Existing Clinical Data. Neuro. Oncol. 2018, 20, 184–191. [Google Scholar] [CrossRef] [PubMed]

	



Watkins, S.; Robel, S.; Kimbrough, I.F.; Robert, S.M.; Ellis-Davies, G.; Sontheimer, H. Disruption of Astrocyte–Vascular Coupling and the Blood–Brain Barrier by Invading Glioma Cells. Nat. Commun. 2014, 5, 4196. [Google Scholar] [CrossRef] [PubMed]

	



Verkman, A.S.; Binder, D.K.; Bloch, O.; Auguste, K.; Papadopoulos, M.C. Three Distinct Roles of Aquaporin-4 in Brain Function Revealed by Knockout Mice. Biochim. Biophys. Acta 2006, 1758, 1085–1093. [Google Scholar] [CrossRef] [PubMed]

	



Behnam, M.; Motamedzadeh, A.; Aalinezhad, M.; Dadgostar, E.; Rashidi Noshabad, F.Z.; Pourfridoni, M.; Raei, M.; Mirzaei, H.; Aschner, M.; Tamtaji, O.R. The Role of Aquaporin 4 in Brain Tumors: Implications for Pathophysiology, Diagnosis and Therapy. Mol. Biol. Rep. 2022, 49, 10609–10615. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, F.; Xiong, N.; Xu, H.; Chai, S.; Wang, H.; Wang, J.; Zhao, H.; Jiang, X.; Fu, P.; et al. Remodelling and Treatment of the Blood-Brain Barrier in Glioma. Cancer Manag. Res. 2021, 13, 4217–4232. [Google Scholar] [CrossRef]

	



van Vliet, E.A.; da Costa Araujo, S.; Redeker, S.; van Schaik, R.; Aronica, E.; Gorter, J.A. Blood-Brain Barrier Leakage May Lead to Progression of Temporal Lobe Epilepsy. Brain 2007, 130, 521–534. [Google Scholar] [CrossRef]

	



Ivens, S.; Kaufer, D.; Flores, L.P.; Bechmann, I.; Zumsteg, D.; Tomkins, O.; Seiffert, E.; Heinemann, U.; Friedman, A. TGF-β Receptor-Mediated Albumin Uptake into Astrocytes Is Involved in Neocortical Epileptogenesis. Brain 2007, 130, 535–547. [Google Scholar] [CrossRef] [PubMed]

	



Heinemann, U.; Kaufer, D.; Friedman, A. Blood-brain Barrier Dysfunction, TGFβ Signaling, and Astrocyte Dysfunction in Epilepsy. Glia 2012, 60, 1251–1257. [Google Scholar] [CrossRef] [PubMed]

	



Mendes, N.F.; Pansani, A.P.; Carmanhães, E.R.F.; Tange, P.; Meireles, J.V.; Ochikubo, M.; Chagas, J.R.; da Silva, A.V.; Monteiro de Castro, G.; Le Sueur-Maluf, L. The Blood-Brain Barrier Breakdown During Acute Phase of the Pilocarpine Model of Epilepsy Is Dynamic and Time-Dependent. Front. Neurol. 2019, 10, 382. [Google Scholar] [CrossRef]

	



Petersen, M.A.; Ryu, J.K.; Akassoglou, K. Fibrinogen in Neurological Diseases: Mechanisms, Imaging and Therapeutics. Nat. Rev. Neurosci. 2018, 19, 283–301. [Google Scholar] [CrossRef] [PubMed]

	



Ruusuvuori, E.; Kirilkin, I.; Pandya, N.; Kaila, K. Spontaneous Network Events Driven by Depolarizing GABA Action in Neonatal Hippocampal Slices Are Not Attributable to Deficient Mitochondrial Energy Metabolism. J. Neurosci. 2010, 30, 15638–15642. [Google Scholar] [CrossRef]

	



Chesler, M.; Kaila, K. Modulation of PH by Neuronal Activity. Trends Neurosci. 1992, 15, 396–402. [Google Scholar] [CrossRef]

	



van Vliet, E.A.; Aronica, E.; Gorter, J.A. Blood–Brain Barrier Dysfunction, Seizures and Epilepsy. Semin. Cell. Dev. Biol. 2015, 38, 26–34. [Google Scholar] [CrossRef]

	



Buckingham, S.C.; Campbell, S.L.; Haas, B.R.; Montana, V.; Robel, S.; Ogunrinu, T.; Sontheimer, H. Glutamate Release by Primary Brain Tumors Induces Epileptic Activity. Nat. Med. 2011, 17, 1269–1274. [Google Scholar] [CrossRef]

	



Corsi, L.; Mescola, A.; Alessandrini, A. Glutamate Receptors and Glioblastoma Multiforme: An Old “Route” for New Perspectives. Int. J. Mol. Sci. 2019, 20, 1796. [Google Scholar] [CrossRef]

	



Marcus, H.J.; Carpenter, K.L.H.; Price, S.J.; Hutchinson, P.J. In Vivo Assessment of High-Grade Glioma Biochemistry Using Microdialysis: A Study of Energy-Related Molecules, Growth Factors and Cytokines. J. Neurooncol. 2010, 97, 11–23. [Google Scholar] [CrossRef]

	



Yuen, T.I.; Morokoff, A.P.; Bjorksten, A.; D’Abaco, G.; Paradiso, L.; Finch, S.; Wong, D.; Reid, C.A.; Powell, K.L.; Drummond, K.J.; et al. Glutamate Is Associated with a Higher Risk of Seizures in Patients with Gliomas. Neurology 2012, 79, 883–889. [Google Scholar] [CrossRef]

	



Takano, T.; Lin, J.H.-C.; Arcuino, G.; Gao, Q.; Yang, J.; Nedergaard, M. Glutamate Release Promotes Growth of Malignant Gliomas. Nat. Med. 2001, 7, 1010–1015. [Google Scholar] [CrossRef] [PubMed]

	



Rothstein, J.D.; Dykes-Hoberg, M.; Pardo, C.A.; Bristol, L.A.; Jin, L.; Kuncl, R.W.; Kanai, Y.; Hediger, M.A.; Wang, Y.; Schielke, J.P.; et al. Knockout of Glutamate Transporters Reveals a Major Role for Astroglial Transport in Excitotoxicity and Clearance of Glutamate. Neuron 1996, 16, 675–686. [Google Scholar] [CrossRef] [PubMed]

	



Meldrum, B.S. The Role of Glutamate in Epilepsy and Other CNS Disorders. Neurology 1994, 44, S14–S23. [Google Scholar] [PubMed]

	



Alyu, F.; Dikmen, M. Inflammatory Aspects of Epileptogenesis: Contribution of Molecular Inflammatory Mechanisms. Acta Neuropsychiatr. 2017, 29, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Viviani, B.; Bartesaghi, S.; Gardoni, F.; Vezzani, A.; Behrens, M.M.; Bartfai, T.; Binaglia, M.; Corsini, E.; Di Luca, M.; Galli, C.L.; et al. Interleukin-1β Enhances NMDA Receptor-Mediated Intracellular Calcium Increase through Activation of the Src Family of Kinases. J. Neurosci. 2003, 23, 8692–8700. [Google Scholar] [CrossRef]

	



Vezzani, A.; Bartfai, T.; Bianchi, M.; Rossetti, C.; French, J. Therapeutic Potential of New Antiinflammatory Drugs. Epilepsia 2011, 52, 67–69. [Google Scholar] [CrossRef] [PubMed]

	



Haglund, M.M.; Berger, M.S.; Kunkel, D.D.; Franck, J.E.; Ghatan, S.; Ojemann, G.A. Changes in Gamma-Aminobutyric Acid and Somatostatin in Epileptic Cortex Associated with Low-Grade Gliomas. J. Neurosurg. 1992, 77, 209–216. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, S.L.; Robel, S.; Cuddapah, V.A.; Robert, S.; Buckingham, S.C.; Kahle, K.T.; Sontheimer, H. GABAergic Disinhibition and Impaired KCC2 Cotransporter Activity Underlie Tumor-Associated Epilepsy. Glia 2015, 63, 23–36. [Google Scholar] [CrossRef] [PubMed]

	



Blanchart, A.; Fernando, R.; Häring, M.; Assaife-Lopes, N.; Romanov, R.A.; Andäng, M.; Harkany, T.; Ernfors, P. Endogenous GABAA Receptor Activity Suppresses Glioma Growth. Oncogene 2017, 36, 777–786. [Google Scholar] [CrossRef] [PubMed]

	



Smits, A.; Jin, Z.; Elsir, T.; Pedder, H.; Nistér, M.; Alafuzoff, I.; Dimberg, A.; Edqvist, P.-H.; Pontén, F.; Aronica, E.; et al. GABA-A Channel Subunit Expression in Human Glioma Correlates with Tumor Histology and Clinical Outcome. PLoS ONE 2012, 7, e37041. [Google Scholar] [CrossRef] [PubMed]

	



van Breemen, M.S.; Wilms, E.B.; Vecht, C.J. Epilepsy in Patients with Brain Tumours: Epidemiology, Mechanisms, and Management. Lancet Neurol. 2007, 6, 421–430. [Google Scholar] [CrossRef]

	



Prakash, O.; Lukiw, W.J.; Peruzzi, F.; Reiss, K.; Musto, A.E. Gliomas and Seizures. Med. Hypotheses 2012, 79, 622–626. [Google Scholar] [CrossRef] [PubMed]

	



Ollila, L.; Roivainen, R. Glioma Features and Seizure Control during Long-Term Follow-Up. Epilepsy Behav. Rep. 2023, 21, 100586. [Google Scholar] [CrossRef]

	



Liang, S.; Zhang, J.; Zhang, S.; Fu, X. Epilepsy in Adults with Supratentorial Glioblastoma: Incidence and Influence Factors and Prophylaxis in 184 Patients. PLoS ONE 2016, 11, e0158206. [Google Scholar] [CrossRef] [PubMed]

	



Stritzelberger, J.; Gesmann, A.; Fuhrmann, I.; Brandner, S.; Welte, T.M.; Balk, S.; Eisenhut, F.; Dörfler, A.; Coras, R.; Adler, W.; et al. Time-dependent Risk Factors for Epileptic Seizures in Glioblastoma Patients: A Retrospective Analysis of 520 Cases. Epilepsia 2023, 64, 1853–1861. [Google Scholar] [CrossRef]

	



Lu, V.M.; Jue, T.R.; Phan, K.; McDonald, K.L. Quantifying the Prognostic Significance in Glioblastoma of Seizure History at Initial Presentation: A Systematic Review and Meta-Analysis. Clin. Neurol. Neurosurg. 2018, 164, 75–80. [Google Scholar] [CrossRef]

	



Xue, H.; Sveinsson, O.; Bartek, J.; Förander, P.; Skyrman, S.; Kihlström, L.; Shafiei, R.; Mathiesen, T.; Tomson, T. Long-Term Control and Predictors of Seizures in Intracranial Meningioma Surgery: A Population-Based Study. Acta Neurochir. 2018, 160, 589–596. [Google Scholar] [CrossRef]

	



Santos-Pinheiro, F.; Park, M.; Liu, D.; Kwong, L.N.; Cruz, S.; Levine, N.B.; O’Brien, B.J.; Chen, M. Seizure Burden Pre- and Postresection of Low-Grade Gliomas as a Predictor of Tumor Progression in Low-Grade Gliomas. Neurooncol. Pract. 2019, 6, 209–217. [Google Scholar] [CrossRef]

	



Toledo, M.; Sarria-Estrada, S.; Quintana, M.; Maldonado, X.; Martinez-Ricarte, F.; Rodon, J.; Auger, C.; Salas-Puig, J.; Santamarina, E.; Martinez-Saez, E. Prognostic Implications of Epilepsy in Glioblastomas. Clin. Neurol. Neurosurg. 2015, 139, 166–171. [Google Scholar] [CrossRef]

	



Henker, C.; Kriesen, T.; Scherer, M.; Glass, Ä.; von Deimling, A.; Bendszus, M.; Weber, M.-A.; Herold-Mende, C.; Unterberg, A.; Piek, J. Association Between Tumor Compartment Volumes, the Incidence of Pretreatment Seizures, and Statin-Mediated Protective Effects in Glioblastoma. Neurosurgery 2019, 85, E722–E729. [Google Scholar] [CrossRef]

	



Wang, Y.; Qian, T.; You, G.; Peng, X.; Chen, C.; You, Y.; Yao, K.; Wu, C.; Ma, J.; Sha, Z.; et al. Localizing Seizure-Susceptible Brain Regions Associated with Low-Grade Gliomas Using Voxel-Based Lesion-Symptom Mapping. Neuro. Oncol. 2015, 17, 282–288. [Google Scholar] [CrossRef]

	



Chang, E.F.; Potts, M.B.; Keles, G.E.; Lamborn, K.R.; Chang, S.M.; Barbaro, N.M.; Berger, M.S. Seizure Characteristics and Control Following Resection in 332 Patients with Low-Grade Gliomas. J. Neurosurg. 2008, 108, 227–235. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wei, W.; Liu, Z.; Liang, Y.; Liu, X.; Li, Y.; Tang, Z.; Jiang, T.; Tian, J. Predicting the Type of Tumor-Related Epilepsy in Patients with Low-Grade Gliomas: A Radiomics Study. Front. Oncol. 2020, 10, 235. [Google Scholar] [CrossRef] [PubMed]

	



Venkatesh, H.S.; Morishita, W.; Geraghty, A.C.; Silverbush, D.; Gillespie, S.M.; Arzt, M.; Tam, L.T.; Espenel, C.; Ponnuswami, A.; Ni, L.; et al. Electrical and Synaptic Integration of Glioma into Neural Circuits. Nature 2019, 573, 539–545. [Google Scholar] [CrossRef]

	



Zhang, J.; Yao, L.; Peng, S.; Fang, Y.; Tang, R.; Liu, J. Correlation between Glioma Location and Preoperative Seizures: A Systematic Review and Meta-Analysis. Neurosurg. Rev. 2019, 42, 603–618. [Google Scholar] [CrossRef]

	



Brodovskaya, A.; Shiono, S.; Kapur, J. Activation of the Basal Ganglia and Indirect Pathway Neurons during Frontal Lobe Seizures. Brain 2021, 144, 2074–2091. [Google Scholar] [CrossRef] [PubMed]

	



Su, X.; Chen, H.; Wang, Z.; Lan, Q. Relationship between Tumour Location and Preoperative Seizure Incidence in Patients with Gliomas: A Systematic Review and Meta-analysis. Epileptic Disord. 2015, 17, 397–408. [Google Scholar] [CrossRef]

	



Yuan, T.; Ying, J.; Zuo, Z.; Gui, S.; Gao, Z.; Li, G.; Zhang, Y.; Li, C. Structural Plasticity of the Bilateral Hippocampus in Glioma Patients. Aging 2020, 12, 10259–10274. [Google Scholar] [CrossRef]

	



Bruxel, E.M.; Bruno, D.C.F.; do Canto, A.M.; Geraldis, J.C.; Godoi, A.B.; Martin, M.; Lopes-Cendes, I. Multi-Omics in Mesial Temporal Lobe Epilepsy with Hippocampal Sclerosis: Clues into the Underlying Mechanisms Leading to Disease. Seizure 2021, 90, 34–50. [Google Scholar] [CrossRef]

	



Ruban, D.; Byrne, R.W.; Kanner, A.; Smith, M.; Cochran, E.J.; Roh, D.; Whisler, W.W. Chronic Epilepsy Associated with Temporal Tumors: Long-Term Surgical Outcome. Neurosurg. Focus 2009, 27, E6. [Google Scholar] [CrossRef]

	



Ghareeb, F.; Duffau, H. Intractable Epilepsy in Paralimbic World Health Organization Grade II Gliomas: Should the Hippocampus Be Resected When Not Invaded by the Tumor? J. Neurosurg. 2012, 116, 1226–1234. [Google Scholar] [CrossRef] [PubMed]

	



Marku, M.; Rasmussen, B.K.; Belmonte, F.; Andersen, E.A.W.; Johansen, C.; Bidstrup, P.E. Postoperative Epilepsy and Survival in Glioma Patients: A Nationwide Population-Based Cohort Study from 2009 to 2018. J. Neurooncol. 2022, 157, 71–80. [Google Scholar] [CrossRef]

	



Yilmazer-Hanke, D.; O’Loughlin, E.; McDermott, K. Contribution of Amygdala Pathology to Comorbid Emotional Disturbances in Temporal Lobe Epilepsy. J. Neurosci. Res. 2016, 94, 486–503. [Google Scholar] [CrossRef]

	



Carnevale, J.A.; Goldberg, J.L.; Schwartz, T. Seizure in Patient with Neurofibromatosis and Amygdala Low-Grade Glioma. World Neurosurg. 2022, 157, 54–55. [Google Scholar] [CrossRef] [PubMed]

	



Cha, Y.J.; Kim, D.-S.; Lee, S.-K.; Kang, H.-C.; Kim, S.H. Long-Term Epilepsy-Associated Tumor in the Amygdala of a 16-Year-Old Boy: Report of a Rare Case Having Intranuclear Filaments. Brain Tumor Pathol. 2017, 34, 172–178. [Google Scholar] [CrossRef]

	



Tandon, N.; Esquenazi, Y. Resection Strategies in Tumoral Epilepsy: Is a Lesionectomy Enough? Epilepsia 2013, 54, 72–78. [Google Scholar] [CrossRef]

	



Andrews, J.P.; Wozny, T.A.; Yue, J.K.; Wang, D.D. Improved Psychotic Symptoms Following Resection of Amygdalar Low-Grade Glioma: Illustrative Case. J. Neurosurg. Case Lessons 2022, 4. [Google Scholar] [CrossRef] [PubMed]

	



Achrol, A.S.; Rennert, R.C.; Anders, C.; Soffietti, R.; Ahluwalia, M.S.; Nayak, L.; Peters, S.; Arvold, N.D.; Harsh, G.R.; Steeg, P.S.; et al. Brain Metastases. Nat. Rev. Dis. Primers 2019, 5, 5. [Google Scholar] [CrossRef] [PubMed]

	



Kotecha, R.; Gondi, V.; Ahluwalia, M.S.; Brastianos, P.K.; Mehta, M.P. Recent Advances in Managing Brain Metastasis. F1000Res 2018, 7, 1772. [Google Scholar] [CrossRef] [PubMed]

	



Lamba, N.; Catalano, P.J.; Cagney, D.N.; Haas-Kogan, D.A.; Bubrick, E.J.; Wen, P.Y.; Aizer, A.A. Seizures Among Patients with Brain Metastases. Neurology 2021, 96, e1237–e1250. [Google Scholar] [CrossRef] [PubMed]

	



Wolpert, F.; Lareida, A.; Terziev, R.; Grossenbacher, B.; Neidert, M.C.; Roth, P.; Poryazova, R.; Imbach, L.L.; Le Rhun, E.; Weller, M. Risk Factors for the Development of Epilepsy in Patients with Brain Metastases. Neuro. Oncol. 2020, 22, 718–728. [Google Scholar] [CrossRef] [PubMed]

	



Maschio, M.; Maialetti, A.; Giannarelli, D.; Koudriavtseva, T.; Galiè, E.; Fabi, A. Impact of Epilepsy and Its Treatment on Brain Metastasis from Solid Tumors: A Retrospective Study. Front. Neurol. 2022, 13, CASE22362. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Judkins, J.; Thomas, C.; Wu, M.; Khoury, L.; Benjamin, C.G.; Pacione, D.; Golfinos, J.G.; Kumthekar, P.; Ghamsari, F.; et al. Mutant IDH1 and Seizures in Patients with Glioma. Neurology 2017, 88, 1805–1813. [Google Scholar] [CrossRef]

	



Wu, A.S.; Trinh, V.T.; Suki, D.; Graham, S.; Forman, A.; Weinberg, J.S.; McCutcheon, I.E.; Prabhu, S.S.; Heimberger, A.B.; Sawaya, R.; et al. A Prospective Randomized Trial of Perioperative Seizure Prophylaxis in Patients with Intraparenchymal Brain Tumors. J. Neurosurg. 2013, 118, 873–883. [Google Scholar] [CrossRef]

	



Ahmadipour, Y.; Rauschenbach, L.; Santos, A.; Darkwah Oppong, M.; Lazaridis, L.; Quesada, C.M.; Junker, A.; Pierscianek, D.; Dammann, P.; Wrede, K.H.; et al. Preoperative and Early Postoperative Seizures in Patients with Glioblastoma—Two Sides of the Same Coin? Neurooncol. Adv. 2021, 3, vdaa158. [Google Scholar] [CrossRef]

	



Rades, D.; Witteler, J.; Trillenberg, P.; Olbrich, D.; Schild, S.E.; Tvilsted, S.; Kjaer, T.W. Increasing Seizure Activity During Radiation Treatment for 