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Editorial on the Research Topic
 The molecular mechanisms of epilepsy and potential therapeutics




Epilepsy comprises a heterogeneous group of brain diseases, which all share in common an enduring predisposition to generate seizures. With an incidence of 1–2%, epilepsy is one of the most common chronic brain diseases affecting people of all ages, which in addition to exacting an enormous toll on human potential is also one of the most costly neurological diseases in terms of healthcare and societal costs (Allers et al., 2015). Major challenges in the management of epilepsy include treatment complexity, social disadvantages (e.g., unemployment, stigma), an up to 3-fold increased risk of premature mortality and the presence of numerous co-morbidities such as depression and anxiety (Moshe et al., 2015; Loscher, 2019; Thijs et al., 2019; Shlobin and Sander, 2022). Known causes of epilepsy include genetic abnormalities such as de novo mutations and/or a precipitating injury (e.g., traumatic brain injury (TBI), infection, stroke, tumors). In the majority of cases, the underlying causes remain, elusive (Pitkanen and Engel, 2014; Klein et al., 2018). Epileptogenesis, a pathological process transforming a normal healthy brain into an epileptic brain, is characterized by multiple pathological changes within the brain such as acute and ongoing cell death, aberrant synaptic reorganization and neurogenesis, blood-brain barrier (BBB) disruption, and inflammation among many others (Pitkanen et al., 2015). First-line treatment for epilepsy is based on anti-seizure medications (ASM) that are mainly focused on targeting synaptic transmissions and ion channels. Other treatment options include invasive surgery, nerve stimulation and ketogenic diet. Current ASMs in clinical use are, however, only effective in 70% of patients, show no significant impact on disease progression, and may cause serious side effects. Therefore, there remains a pressing need for the identification of treatments with a non-classical mechanism of action, which impact upon disease progression and show efficacy in refractory patients. Pathological changes occurring in the brain during the development of epilepsy remain incompletely understood. In order to design much needed new treatment strategies, we must, however, understand precisely which changes contribute to epileptogenesis and what causes these changes. The goal of this Research Topic was to provide an up-to-date summary of the diverse and complex molecular mechanisms that contribute to epilepsy pathology ranging from inflammatory cells and their role in pathogenesis to the development to post-traumatic epilepsy resulting from TBI.

The outcome volume of this Research Topic comprises eleven articles containing five original research articles and six reviews, including two mini-reviews. The original research article by Schlabitz et al. analyzed changes in gene expression due to epileptiform activity in in vitro models of seizures using rodent and human brain slices, which show that in vitro seizure models represent a suitable tool to investigate gene expression. Using organotypic hippocampal slice cultures from mice expressing enhanced green fluorescent protein (eGFP) in differentiated granule cells treated with kainic acid, Orcinha et al. show that that the protein Reelin is essential for the maintenance of granular cell lamination in the dentate gyrus and that granule cell dispersion, a pathological hallmark of epilepsy, is the result of a local Reelin deficiency. Using a lithium-pilocarpine status epilepticus rat model, Liu B. et al. investigated the contribution of the gap junction blocker carbenoxolone on dynamic changes in the spectral power of ripples and fast ripples. Their data show that rats pre-treated with carbenoxolone present reduced expression of the gap-junction protein connexin-43, as well as suppressed formation of pathological high-frequency oscillations; thereby providing further evidence of the BBB's impact on epilepsy. Liu R. et al. investigated the effects of imbalanced Na+-K+-2Cl− (NKCC1) and K+-Cl− (KCC2) co-transporters on γ-aminobutyric acidergic (GABAergic) neurotransmission in human focal cortical dysplasia (FCD). The main conclusions of their study is that an imbalanced function of NKCC1 and KCC2 may affect chloride ion homeostasis in neurons and alter GABAergic inhibitory action, thereby contributing to epileptogenesis in FCDs. Finally, Drexel and Sperk investigated whether seizure-induced over-expression of Neuropeptide Y (NPY) contributes to epileptic tolerance by using an animal model based on selective inhibition of GABA release from parvalbumin-containing basket cells in the subiculum/sector CA1. Their results show that NPY overexpression, induced via spontaneous recurrent seizures, contributes to epileptic tolerance possibly via its actions on the presynaptic Y2 receptor.

In the review article written by Chen et al. the role of interleukin-4 and its impact on glial changes, occurring during epileptogenesis, is discussed as well as its potential as a target for the treatment of epilepsy. Sharma et al. provided a review about mechanisms and risk factors underlying post-traumatic epilepsy with a particular focus on the contribution of neuroinflammatory mediators and immune response factors to the development of epilepsy following TBI and current and novel treatments and management strategies for the prevention of post-traumatic epilepsy. Chen et al. provided a comprehensive review about the latest findings on the possible mechanisms of how N-methyl-D-aspartate receptors contribute to seizures and epilepsy. Mueller et al. provided a general introduction to Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) and how this technique may be applied as treatments for epilepsy. Finally, Wang and Zhao discussed in a mini-review the roles of microRNAs treatments and diagnostic targets for epilepsy and Shaimardanova et al. discussed in another mini-review the potential of gene and cell therapy in epilepsy.

In summary, this Research Topic summarizes and provides new evidence at several different levels relating to its topic and provides useful updates to the readers.
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Epilepsy is a chronic brain dysfunction induced by an abnormal neuronal discharge that is caused by complicated psychopathologies. Recently, accumulating studies have revealed a close relationship between inflammation and epilepsy. Specifically, microglia and astrocytes are important inflammatory cells in the central nervous system (CNS) that have been proven to be related to the pathogenesis and development of epilepsy. Additionally, interleukin 4 (IL-4) is an anti-inflammatory factor that can regulate microglia and astrocytes in many aspects. This review article focuses on the regulatory role of IL-4 in the pathological changes of glial cells related to epilepsy. We additionally propose that IL-4 may play a protective role in epileptogenesis and suggest that IL-4 may be a novel therapeutic target for the treatment of epilepsy.

Keywords: interleukin 4, epilepsy, microglia, astrocytes, cognition


INTRODUCTION

Epilepsy is a chronic neurological disease characterized by recurrent seizures. There are 65 million people worldwide that currently suffer from epilepsy, 80% of whom live in developing countries. Furthermore, recurrent seizures and related cognitive impairments lead to a significant social and economic burden (Beghi, 2020). At present, it is thought that disorders in synaptic structure and neuronal excitability might be involved in epileptogenesis (González et al., 2019). Moreover, the inflammatory and immune responses in the early stage of human brain development have been proven to result in several neuropsychiatric diseases and dysfunctions such as autism, schizophrenia, cerebral palsy, epilepsy, cognitive disorders, depression, et cetera (Mahfoz and Shahzad, 2019). Accumulating evidence has recently verified that neurons and endothelial cells of the blood-brain barrier (BBB), activated microglia and astrocytes contribute to neuroinflammation in animal models with epilepsy. Furthermore, the inflammatory cascade and its related processes play important roles in epileptogenesis and epilepsy-related cognitive impairment (Vezzani et al., 2019). For instance, after epileptic injury [such as neurotrauma, stroke, central nervous system (CNS) infection], status epilepticus (SE), febrile seizures (FS) and recurrent seizures, glial cells are activated and subsequently followed by the release of large amounts of cytokines (CKs), chemokines, and the activation of downstream reactions that eventually worsen the onset of primary seizures or cause secondary seizures (Vezzani et al., 2013). Also, several pro-inflammatory CKs, such as interleukin 1β (IL-1β) and tumor necrosis factor-α (TNF-α), are involved in decreasing the seizure threshold and leading to epileptogenesis (Iori et al., 2016). Interleukin 4 (IL-4) is an anti-inflammatory cytokine that has been proven to reduce the activation of various immunocompetent cells such as macrophages, monocytes, and neutrophils by inhibiting the production of pro-inflammatory CKs (IL-1, TNF, etc.; Standiford et al., 1990; Te Velde et al., 1990; Wertheim et al., 1993). In the CNS, Park et al. (2015) also found that IL-4 could inhibit IL-1β-induced depression-like behavior, modulate the metabolism of corticosterone (CORT), prostaglandin E2 (PGE2), serotonin (5-HT), norepinephrine (NE) and other hormones and neurotransmitters in a rat disease model.

Currently, many studies are focusing on the relationship between IL-4 and epilepsy. In a study of 82 Iranian FS children aged 6 months to 6 years old, Zare-Shahabadi et al. (2015) evaluated allele and genotype frequencies of three single-nucleotide polymorphisms of the IL-4 gene. This work found that, compared to controls, the level of IL4-590/C allele and TCC haplotype was higher and the frequencies of GCC, TTT, TTC haplotypes, and that the IL-4 (-590) TC, IL-4 (-33) TC genotypes were lower in epilepsy patients. This study illustrated that the IL-4 gene changes in FS patients and may make individuals more susceptible to the disease (Zare-Shahabadi et al., 2015). However, Tsai et al. (2002) detected IL-4 intron three gene polymorphism in 51 FS and 43 epileptic children from Taiwan and found that there was no significant difference between patients with healthy children. Therefore, they concluded that the association of IL-4 polymorphisms with FS and epilepsy of children does not exist (Tsai et al., 2002). Both experiments use polymerase chain reaction monitoring, which may cause different results due to the patient’s ethnicity and different detection sites, alleles, and genotypes. Moreover, Ha et al. (2018) tested IL-4 levels in 50 FS patients within 1 h of a seizure and found that IL-4 levels were higher in those patients who had fever without seizures. Similarly, in the serum of 22 out of 100 patients with epilepsy, IL-4 was significantly increased within 24 h of seizures. During the seizure-free period, the level of IL-4 could be reduced from 18.8 to 0% of the pre-seizure period (Table 1). These results all point to the concept that the increase of anti-inflammatory cytokine IL-4 may be a natural defense mechanism as the body responds to injury. On the other hand, due to the multimodal effect of CKs, IL-4 can play an anti-inflammatory or pro-inflammatory function in different environments (Sinha et al., 2008). For example, Li et al. (2017) found that in mice, spontaneous recurrent seizures induced by the intraperitoneal injection of pilocarpine, which up-regulates IL-4, can rescue microglial phenotypes, reduce the frequency, duration and severity of spontaneous recurrent seizures, and improve cognitive dysfunction. Thus, IL-4 likely plays an important role in epileptogenesis and the physiopathology of epilepsy. The current review aims to elaborate on the possible role of IL-4 in epileptogenesis, epileptic development, and epilepsy-related cognitive impairment.

TABLE 1. IL-4, glial cells, and epilepsy.
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IL-4


Overview

IL-4 is a pleiotropic cytokine mainly produced by activated T lymphocytes, especially Th2 cells, mast cells, and basophils. Isakson et al. (1982) found that a cytokine can promote B cell proliferation, which was successfully cloned in 1986 and eventually named IL-4 (Isakson et al., 1982). Although the IL-4 cDNA sequence in human beings contains 153 amino acid residues, it can only produce secreted IL-4 proteins containing 129 amino acid residues. The spherical hydrophobic core of secreted IL-4 contains three disulfide bonds and four α-helices (Powers et al., 1992). After the addition of N-chain oligosaccharides, this core produces different molecular weights that include 15, 18, and 19 kDa. Essentially, secreted IL-4 mainly functions as follows: (1) driving Th2 cell differentiation to produce more IL-4, and then promoting the release of other Th2 anti-inflammatory CKs such as IL-5 and IL-13; (2) inhibiting the production of pro-inflammatory CKs such as TNF-α, interferon γ (IFN-γ), and IL-17; and (3) promoting B cell proliferation and differentiation and up-regulating the expression of major histocompatibility complex II (MHC II) molecules, IL-4R and CD23 on B cells (Lu et al., 2015).



IL4-Related Signaling Pathways

There are two types of IL4 receptors, Type I and Type II. Type I receptors are a kind of heterodimer receptor that was formed by IL-4 receptor α (IL4Rα) and common r chain (γc) chains and are mainly expressed on the surface of hematopoietic cells. Type II receptors contain the IL4Rα and IL-13 receptor α1 (IL-13Rα1) and are expressed on the surface of non-hematopoietic cells (Sequeida et al., 2020). The binding of IL-4 to its receptor leads to the activation of the Janus kinase (JAK) family and the phosphorylation of IL4Rα. Three signaling pathways are related to the activation of the JAK family: (1) insulin receptor substrate protein (IRS)/Phosphoinositide-3 kinase (PI3K)/Protein kinase B (AKT) pathway. Activated JAK3 can stimulate IRS tyrosine phosphorylation and provide binding sites to those signaling molecules which contain the SH2 domain, such as P85. Then, the combination of P85 and IRS can activate PI3K and its downstream signaling molecules such as AKT, and finally affect cell proliferation and differentiation. (2) Signal transduction and activation of the transcription factor (STAT6) pathway. STAT6 forms a homomeric dimer by JAKs phosphorylation which is then transported to the nucleus initiates IL4/IL13 gene transcription and regulates the expression of genes such as CD23 (Keegan et al., 2018). (3) Mammalian target of rapamycin (mTOR) signaling pathway. mTOR is a critically synergistic protein that aids IL-4 in activating STAT6 to the greatest extent and ultimately regulates the differentiation of Th2 cells (Delgoffe et al., 2009). In short, IL-4 regulates the growth and development of T cells through a variety of molecular signal pathways, but its specific mechanism remains unknown (Figure 1).
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FIGURE 1. Interleukin 4 (IL-4)- and IL-13-related signaling pathways. IL-4 binds to Type I receptors and then activates the IRS1/2-P13K-AKT and STAT6 pathways. mTOR is a prime synergistic protein that helps IL-4 to maximally activate STAT6. IL-13 on the other hand binds to Type II receptors and activates JAK1/2 and Tykine2 (tyrosinekinase2), which in turn activates the IRS1/2-P13K-AKT or STAT6 pathways.



Besides, IL-4 can also abnormally activate STAT3 in glioblastoma (GBM) cells, which are related to the expression of IL-13Rα2 (Rahaman et al., 2005). In most cases, STAT3 mediates pro-IL-6 and anti-IL-10 signals (Pfitzner et al., 2004). It was reported that pilocarpine-induced SE can activate the JAK/STAT signaling pathway, especially STAT3 (Xu et al., 2011). Similarly, Zhang et al. (2019) found that STAT3 was overexpressed in 169 children suffering from epilepsy, suggesting that it is associated with the risk of epilepsy and drug resistance to epilepsy (Li et al., 2020). By inhibiting STAT3 gene transcription, the frequency of seizures can be reduced (Grabenstatter et al., 2014).



IL-4, IL-13, and Epileptogenesis

IL-4 and IL-13 are related CKs that may activate similar downstream signaling pathways and exert molecular regulatory effects (Athari, 2019). IL-13Rα1 can specifically bind to IL-13 through its critical binding unit D1 domain. This can lead IL-13 to play an important role in the pathogenesis of bronchial asthma by acting on epithelial cells and fibroblasts (Ito et al., 2009). Moreover, Umeshita-Suyama et al. found that IL-4 and IL-13 induced STAT3 activation in B cells with high expression of IL-13Rα1 (Umeshita-Suyama et al., 2000). IL-13Rα2 is another receptor of IL-13; Andrews et al. (2013) used surface plasmon resonance (SPR) analysis to show that IL-13Rα2 does not bind IL-4, nor does it affect the binding of IL-4 to IL-4Rα. These authors also used EBAS-2B cell lines (human bronchial epithelium) to prove that IL-13Rα2 overexpression weakened IL-4 and IL-13-mediated STAT6 phosphorylation. Furthermore, IL-13Rα2 without cytoplasmic domain continued to weaken the IL-13-mediated signaling pathway but did not affect the IL-4 mediated STAT6 signaling pathway (Andrews et al., 2013).

Studies have shown that IL-13 also may be involved in the regulation of the inflammatory process of the CNS, however, whether this regulatory role is protective or disruptive is controversial. In a study on experimental allergic encephalomyelitis (EAE) induced by myelin oligodendrocyte glycoprotein (MOGp), Barik et al. (2017) found that the ability of Th17 cells from IL-13Rα1–deficient (13R−/−) mice to transform into Th1 cells was reduced, and the sensitivity to Treg inhibition was also reduced. HR (13R−/−) mice were more susceptible to EAE and developed early-onset and more severe disease. These observations indicated that IL-13 can control immune-mediated CNS inflammation (Barik et al., 2017). Le Blon et al. (2016) transplanted mesenchymal stem cells (MSCs)/IL-13 into a Cuprizone (CPZ) mouse model and found that IL-13 released by grafted MSC was able to trigger the alternate activation of macrophages and microglia related to MSC transplantation. IL-13 was also found to reduce the inflammation and demyelination induced by CPZ through its direct effect or the combined effect with the alternate activation of macrophages/microglia, indicating that IL-13 has protective effects on CPZ-induced neuroinflammation (Le Blon et al., 2016). Some studies have found that the CPZ mouse model showed tonic-clonic seizures, intermittent ictal spikes, and frequent spike discharge. Accordingly, CPZ models have also been used to study pathology and/or therapy for epilepsy (Praet et al., 2014). However, after transplanting MSCs/IL-13 into mice hippocampi and then inducing epilepsy by Kainic acid (KA) 1 week later, Ali et al. (2017) found that transplantation had no significant influence on the duration, frequency, and onset of seizures, or their electroencephalographic (EEG) dynamics. Hence, they claimed that the injection of MSCs/IL-13 into the hippocampus might not have a direct protective effect on SE or chronic epilepsy. Nevertheless, as an indirect mechanism, MSCs/IL-13 was found to optimize the hippocampal niche, outside of the lesion site, by inducing M2 polarization of microglia/macrophages (Table 1, Ali et al., 2017). Several aspects, such as the difference in the transplanted cell line, transplantation methods, grafting sites and EEG monitoring time might lead to different or even contrary results. On the one hand, MSC grafts and epilepsy may result in large astrocyte scars which can physically obstruct IL-13 from reaching the hippocampus. On the other hand, neuroinflammation associated with MSC transplantation may counteract the protective effect of IL-13 on inflammation. Therefore, whether IL-13 has a protective effect on the pathophysiology of epilepsy is still controversial, and more powerful evidence is needed for verification.




IL-4, GLIAL CELLS, AND EPILEPSY


IL-4, Epilepsy, and Microglial Phenotypic Transformation

Microglia and astrocytes are the main inflammatory cells in the nervous system. Glia-mediated inflammation induced by various brain insults can promote seizures and epileptogenesis (Figure 2), especially when the inflammation is difficult to control (Eyo et al., 2017). Microglia are highly adaptable glial cells that, during development, recognize and phagocytose apoptotic neurons, prune synapses, modulate the differentiation and migration of neural precursor cells, regulate neurogenesis, and improve neuron survival. In the mature brain, microglia play an important role in general cognitive function, learning and memory, neuroplasticity, and synaptic plasticity (Hammond et al., 2018). Moreover, microglia can regulate the release of anti-inflammatory and pro-inflammatory factors. During brain and niche damage, microglia can be activated through morphological changes or molecular modifications, which can activate a protective response to inflammation in the CNS (Tay et al., 2017). Interestingly, microglia can exhibit different activation subtypes—M1, M2a, M2b, M2c—according to environmental changes and exogenous stimuli. The M1 phenotype is mainly induced by lipopolysaccharides (LPS) and IFN-γ; the M2a phenotype by IL-4 and IL-13; the M2b phenotype by the immune complex toll-like receptor and IL-1R agonist; the M2c phenotype by IL-10 and glucocorticoids (Franco and Fernández-Suárez, 2015).
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FIGURE 2. Glial cells and epilepsy pathology. In the early stage of epilepsy, microglial cells transform into the M1 phenotype and neural stem cell (NSC) disorders appear in proliferation, migration, and integration. In chronic epilepsy, neurogenesis gradually decreases to a halt. NSCs start transforming into reactive astrocytes and finally accelerate HS. Moreover, these processes result in the epilepsy-induced inhibition of autophagy and cognitive impairment.



RNA sequencing analysis showed that microglial phenotypes varied according to their response function in patients who suffered from mesial temporal lobe epilepsy with hippocampal sclerosis (MTLE-HS; Morin-Brureau et al., 2018). For example, in CA1/CA3 after epilepsy, microglial cells could reduce neuron density by regulating MHCII overexpression and their shapes. Furthermore, increased adenosine diphosphate (ADP) can induce microglial migrative behavior by expressing purinergic receptor 1 (P2Y1; De Simone et al., 2010), enhance tissue repair, promote vascular reconstruction and strengthen the BBB by expressing IL-10 and its related transcription factors. In different epilepsy models, microglia phenotypes undergo similar transformations. In a study of the Cstb−/− mouse, an animal model for progressive myoclonus epilepsy of Unverricht–Lundborg type (EPM1), Okuneva et al. (2015) found that the proportion of pro-inflammatory M1 and anti-inflammatory M2 microglia was higher than that of the control group. Additionally, in pre-symptomatic Cstb−/− mice, M1/M2 polarization is skewed towards the M2 type at postnatal day 14 (P14). At P30, however, this ratio reversed to skew towards M1, which is a time point related to the onset of myoclonus. This phenomenon indicates that M2 microglia attempt to support neurons that may be dysfunctional and prevent further damage, however, may fail to maintain this function (Okuneva et al., 2015). Benson et al. (2015) compared microglial polarization in pilocarpine-induced SE and kainic acid-induced SE. In the acute phase, both M1 and M2 marker expression was increased in the pilocarpine model, while M1 in the KA model increased. This difference may be due to the more frequent seizures in the KA model. Consequently, acute M1 upregulation post-SE can play an important role in epileptogenesis (Benson et al., 2015). In a rat lithium-pilocarpine model of TLE, Wang et al. (2015) found that M1 microglial cells maintained a high level at 7 and 14 days after SE. Subsequently, they proved that the second generation of tetracycline-minocycline can effectively inhibit M1 microglia activation, mitigate SE induced brain inflammation, and reduce the frequency, duration, and severity of spontaneous epilepsy (Wang et al., 2015). Hence, correcting phenotypic deviations when the microglia phenotype balance changes will help improve the prognosis of epilepsy.

The interleukins IL-10, IL-13, and IL-4 are essential modulators of neuroinflammation by promoting the polarization of M2-like microglia (Michels et al., 2014). In an epilepsy mouse model, Li et al. (2017) found that M1 and M1-associated cytokine IL-1β rapidly increased to the peak value 1 day after SE, and fell to normal levels in 3 weeks. On the other hand, IL-4 was unchanged in the early epileptic stages and gradually increased over the following 2 weeks. However, the percentage of M2 exhibited an immediate drop on the first day after SE and then gradually increased at 3 weeks after SE. Nevertheless, based on the intraperitoneal injection of IL-4 (100 ng/mouse) 5 h before and 4 days after pilocarpine-induced SE, Li et al. (2017) found that IL-4 inhibited the early increase of M1. By contrast, except for the first day after IL-4 injection, M2 did not show a substantial sustained increase after SE. Therefore, Li et al. (2017) considered the reduced damage and inflammation due to early inhibition of M1 which may inhibit the subsequent increase in M2. This study first indicated that IL-4 can affect the inflammatory process of epilepsy by regulating microglial phenotypes (Table 1, Li et al., 2017).

Additionally, in a stroke model, early intracerebral injection of IL-4 was able to inhibit M1 activation while enhancing M2 microglial activation and promoting neuro-functional recovery (Yang et al., 2016). Knock-out STAT6 mice led to the down-regulation of IL-4 and STAT6/Arg1 (arginase 1), which stimulates the transformation of microglia and macrophages into pro-inflammatory phenotypes and result in the reduction of dead/dying neuron clearance in the lesion area, augmentation of brain inflammation, increase of neuronal death, and eventually poor long-term prognoses (Cai et al., 2019). In an Alzheimer’s diseases (AD) mouse model, IL-4 did induce a robust M2a phenotype (Latta et al., 2015), and rather induced autophagy vacuole formation and microglial autophagy flux generation, increased uptake and degradation of Amyloid-β (Aβ), inhibited the Aβ deposition induced autophagy flux blockade, and returned autophagy flux to a normal level (Tang et al., 2019). Based on the above results, IL-4 can likely regulate the microglia to the anti-inflammatory M2 phenotype, enhance the phagocytosis of apoptotic neurons, and play a protective role in many neurological diseases such as epilepsy, stroke, and AD. Additionally, epidemiological studies have shown that the risk of epilepsy among brain-infected survivors is 7–9% in developed countries and is much higher in developing countries (Ramantani and Holthausen, 2017). Neuronal excitability secondary to pro-inflammatory signals caused by CNS infection is an important mechanism for epileptogenesis (Singhi, 2011). Stroke is responsible for approximately 10% of all seizures and 55% of new seizures in the elderly. Early epilepsy after stroke is caused by local metabolic disorders, without changing the neural network and late epilepsy by acquired epilepsy susceptibility (Feyissa et al., 2019). Furthermore, in patients over 65 years of age, neurodegenerative diseases account for approximately 10% of all new seizures, recurrent cases of which also aggravate the decline in cognitive function (Friedman et al., 2012). The accumulation of Aβ peptides in the brain of AD patients can cause synaptic degeneration and remodeling of neuronal circuits, leading to neuronal hyperexcitability. As a result, epilepsy is highly correlated with neurological diseases such as infections, stroke, and AD (Garg et al., 2018). Nevertheless, the specific mechanism of IL-4 in epileptogenesis needs to be further studied.



IL-4, Epilepsy, and Astrocytes

Astrocytes account for about one-third of brain cells and can provide structural, metabolic, and homeostatic support for neurons (Shigetomi et al., 2019). After infection, trauma, ischemia, and neurodegenerative disease, astrocytes are activated, and in severe cases, reactive astrocytes progressively enlarge, proliferate, and form marked scars (Sofroniew, 2009).

In vivo and in vitro experiments investigating epilepsy have revealed that reactive astrocyte proliferation and glial scar formation are common pathological changes. In a KA-induced mouse model of medial temporal lobe epilepsy (MTLE), Muro-García et al. found that at 1 week after epilepsy, neural stem cells (NSCs) began transforming into reactive NSCs that would gradually inhibit neurogenesis and transform into reactive astrocytes. Even more, at 6 weeks post-seizure, hippocampal neurogenesis completely stopped, and reactive astrocytes induced hippocampal sclerosis (HS) and chronic inflammation. Moreover, drug-resistant MTLE patients were found to have inhibited neurogenesis, reactive astrocyte proliferation, and HS (Muro-García et al., 2019). Interestingly, in both mitochondrial epilepsy (a type of epilepsy that is extremely difficult to treat and has a poor prognosis due to mutations in mitochondrial DNA) and Rasmussen’s encephalitis (RE; a type of epilepsy with chronic brain inflammation), patients experienced astrocyte apoptosis and loss (Bauer et al., 2007; Chan et al., 2019). Above all, reactive astrocytes play an important role in epileptogenesis and epileptic development. Based on these results, intervention in reactive astrocytes may become a new target for epilepsy treatment.

Early in 1993, in an adult human glial cell line-derived from epilepsy white matter, Estes et al. (1993) confirmed that IL-4 down-regulated the DNA synthesis and proliferation of astrocytes and inhibited the mitogenic effect of TNF on astrocytes by anti-IL-4 antibody. Moreover, in an AD model, IL4/STAT6 signaling hurt astrocyte survival in vivo (Mashkaryan et al., 2020), and in vitro, IL-4 rescued the impairment of proliferation and neurogenic ability of primary human cortical astrocytes by Aβ42-induced via IL-4/STAT6 pathway (Papadimitriou et al., 2018). On the other hand, Brodie et al. (1998) found that astrocytes express IL-4R in vivo but do not secrete IL-4. Furthermore, after being treated with IL-4, the activation of astrocytes was inhibited, NO, and iNOS content caused by LPS stimulation was decreased, and TNF-α secretion was reduced. These results indicate that IL-4 may act as an immunosuppressive factor in the CNS during inflammation (Brodie et al., 1998). Also, high mobility group box-1 protein (HMGB-1), an important damage-associated molecular pattern (DAMP), has been shown to induce dendrite loss and neurodegeneration via nuclear factor-κB (NF-κB) signaling activation. The release of NF-κB in human patients and models of epileptic seizures are often accompanied by reactive gliosis and neurodegeneration. In a model of pilocarpine-induced SE Wistar rats, Rosciszewski et al. (2019) found that blocking the HMGB1-mediated signaling pathway was beneficial to reduce reactive astrogliosis, microgliosis and neurodegenerative changes after SE. Furthermore, in glial cultures obtained from cerebral cortices of C57BL/6 mice treated with different concentrations of HMGB1, Yao et al. (2019) elucidated that IL4 could activate PPARγ via the STAT6 singling pathway and inhibit NF-kB activation, significantly reducing the formation of the HMGB1-mediated NOD-like receptor with pyrin domain containing-3 (NLRP3) inflammasome complex in astrocytes (Table 1). Additionally, Garg et al. (2009) found that IFN-γ protected the ability of murine astrocytes to clear extracellular glutamate in vitro and undergo oxidative stress and that IL-4 has no effect at any concentration that was tested (10–100 ng/ml). When IL-4 and IFN-γ were co-administered, IL-4 reduced the clearance of glutamate by IFN-γ. However, IL-4 avoided the harmful effects of excessively strong IFN-γ by increasing the neuroprotective thiol and lactic acid secretion and inhibiting the release of Th1 CKs (Garg et al., 2009). In summary, IL-4 can regulate reactive astrocytes and play a protective role against neuroinflammation through the IL-4/STAT6 signaling pathway. However, whether IL-4 has protective effects on reactive astrocyte hyperplasia and inflammation caused by epilepsy needs further verification.

Oligodendrocytes are myeloid cells in the CNS, which must undergo a complex and precise process of proliferation, migration, differentiation, and myelination, and finally form an insulating sheath (Bradl and Lassmann, 2010). In 30 patients who underwent surgical resection for intractable focal epilepsy, Sakuma et al. (2014) found that compared with control cases, the number of oligodendroglia-like cells (OLCs) in refractory focal epilepsy specimens of children increased, OLCs increased in the gray matter and the junction of gray/white matter to white matter. Zhang et al. (2019) further confirmed that IL-4 has a direct beneficial effect on the differentiation of oligodendrocytes through the PPARγ axis, however, at present, the effect of IL-4 on the increase of post-epileptic OLCs lacks relevant evidence.



The IL4/IL4R Axis in the Treatment of Glioma and Glioma-Related Epilepsy

Gliomas are the most common primary CNS brain tumors and include astrocytomas, oligodendrogliomas, and ependymomas that originate in astroglial cells, oligodendrocyte cells, ependymal cells or cancer stem cells (Zhu et al., 2012). Increasing evidence suggests that the growth of gliomas stimulate seizures, while seizure activity may also contribute to tumor growth (Yang et al., 2016). Symptomatic seizure activity secondary to gliomas is referred to as glioma-associated epilepsy (GRE). The epileptogenesis of GRE involves multiple factors, including tumor location, degree of differentiation, tumor microenvironment, and specific genetic changes (Liang et al., 2019). In 65–90% of low-grade gliomas (LGG), epilepsy is the most common first symptom. Furthermore, seizure control is often the most important predictor of quality-of-life in patients with recurrent LGG (Dunn-Pirio et al., 2018). Compared to standard antiepileptic medications, effectively inhibiting the development of gliomas is more conducive to control the onset of glioma-related seizures (Samudra et al., 2019). Moreover, Zhu et al. (2012) indicated that CKs play a critical role in glioma diagnosis, prognosis, and therapy.

From 100 histologically confirmed adult Iraq patients with glioma blood samples, Shamran et al. (2014) suggested that the C allele of the SNP S503P in the IL-4R and the T allele of the SNP C-33T in the IL-4 gene may have a protective role against glioma development. Compared with normal brain tissues, IL-4R is overexpressed in GBM; based on this phenomenon, Rand et al. (2000) developed a cytotoxin targeting IL-4R and cpIL4-PE, which can mediate extensive necrosis of gliomas without obvious toxicity to healthy adjacent brain tissue. Joshi et al. (2001) demonstrated that human brain tumors in situ also overexpressed IL-4R and that most GBM primary cell cultures were found to be highly sensitive to cpIL4-PE, but not to normal astrocytes or neuronal cell lines. Hence, these results confirmed that the differential expression of IL-4R may offer an attractive target of IL-4 cytotoxin for brain tumor therapy (Joshi et al., 2001). In recent years, tumor drugs have targeted AP1, a new glioma affinity peptide that specifically binds to IL-4R and exhibits the highest therapeutic effect on glioma (Sun et al., 2017). Moreover, early in 2000, Liu et al. (2000) revealed that IL-4α receptors in non-neoplastic astrocytes derived from human brain specimens of patients with epilepsy were expressed similar to malignant astrocytoma (Table 1). Therefore, IL-4R may also be a new target for glioma-associated epilepsy treatment.

Additionally, STAT6 is an important target protein of IL-4 that likely regulates the microenvironment of tumor cell growth, inhibits tumor invasion, and reduces tumor proliferation and differentiation (Rahaman et al., 2005; Hammond et al., 2018). Both in human glioma tissue and glioblastoma cells (U87MG and U373MG), Park et al. (2019) found that CpG islands in the STAT6 promoter were hypermethylated by DNA methyltransferase which ultimately led to the down-regulated and even silenced expression of STAT6. Furthermore, under hypoxic conditions, the decrease of STAT6 could activate the mTOR signaling pathway, promote hypoxia-inducible factor-1 (HIF-1α) protein synthesis, and eventually enhance the viability and anti-apoptotic ability of tumor cells. Using DNA methyltransferase inhibitors, such as five-azacitidine and decitabine, to restore STAT6 expression in STAT6-silenced gliomas can increase tumor cell death, which would provide a new treatment (Park et al., 2019). Interestingly, in glioblastoma cells (U251, T98G, and A172), Rahaman et al. found that IL-4 induced the abnormal activation of STAT3 in GBM cells, but not in normal human astrocytes. These results indicate that IL-13Rα2, a decoy receptor for IL-13, negatively regulates STAT6 activation and positively regulates IL-4R/IL-13R-mediated STAT3 activation in GBM cells. Moreover, this work also demonstrated that the IL-13Rα2-mediated activation of STAT3 did not need a direct physical interaction between IL-13Rα2 and STAT3 (Rahaman et al., 2005). Thus, as IL-4 induces a similar response in intractable epilepsy and glioma, IL-4/IL4R-STAT6 may be a potential therapeutic target for glioma-related epilepsy but requires future studies.




IL-4, EPILEPSY AND COGNITIVE FUNCTION

The temporal lobe is thought to influence cognition and memory, especially in the spatial domain. Chronic recurrent temporal lobe epilepsy can lead to dramatic cognitive impairment (Chauvière, 2020). Many reports have found that children with epilepsy have high levels of cognitive disorders, which is mainly influenced by the etiology, time of seizures, frequency of interictal epileptiform discharges, and the adverse reactions of antiepileptic drugs (AED) or surgery (Moosa and Wyllie, 2017). A recent registration study of 6,635 children with epilepsy in Norway showed that 17.0% have intellectual disabilities, 21.3% have mental developmental disabilities, and 7.5% have unexplained developmental delays (Aaberg et al., 2016). In children who have had seizures at least once in the past year or used AEDs, 40% had an IQ less than 70 and 24% under 50 (Reilly et al., 2015). Cognitive impairment imposes a serious burden on patients and families and therefore, early improvement of cognitive impairment will help improve the patients’ quality-of-life.

A recent study discovered that IL-4 is beneficial to cognition. In the meninges of Morris water maze (MWM)-trained mice, CD4+ T cells were activated and produced more IL-4 than untrained controls. IL-4−/− mice exhibited severe cognitive impairment and the level of pro-inflammatory CKs was increased. Subsequently, the bone marrow of these IL-4−/− mice was transplanted into wild-type mice, which also showed severe cognitive impairment and revealed a marked pro-inflammatory skew in meningeal myeloid cells. On the other hand, injecting wild-type mouse T cells into IL-4−/− mice could significantly improve cognitive function and ameliorated the pro-inflammatory tendency of meningeal cells. Derecki et al. (2010) also found IL-4 increased brain-derived neurotrophic factor (BNDF) mRNA levels in astrocytes. Wild type mice that were tested in the MWM appeared to accumulate IL-4 and IL-13 in their meninges and BDNF in the hippocampus continued to rise. Overall, both IL-4 and IL-13 deficiency in the brains of these mice could damage spatial learning. Consequently, both IL-4 and IL-13 are involved in cognitive function by stimulating astrocytes from the meninges and hippocampus (Brombacher et al., 2017). Additionally, in the hippocampus of aged Sprague-Dawley male rats, the level of BDNF and synaptophysin is reduced, pro-inflammatory cytokine (IL-1β and IL-6) to be released, and cognitive dysfunction present. Treatment with IL-4 reversed BDNF and synaptophysin expression promoted the transformation of microglia to the M2 phenotype, downregulated the expression of IL-1β and IL-6, and improved the behavioral performance (Li et al., 2017).

BDNF and synaptophysin regulated by astrocytes are both important for cognitive processes. BDNF can regulate neuroplasticity, including long-term potentiation, synaptogenesis, and neurogenesis, all of which are related to learning and memory (Leal et al., 2017). Specifically, synaptophysin plays a crucial role in the regulation of synaptic plasticity that, when disordered, can result in the cognitive decline of AD (Valtorta et al., 2004). Nowadays, several studies have shown that IL-4 might have potential neuroprotective effects on cognition by regulating BDNF and synaptophysin. Nevertheless, this concept still requires further studies to show whether IL-4 can act as a cognitive protector in epilepsy-related cognitive impairment.



SUMMARY

Increasing evidence has revealed that inflammation and epilepsy exhibit complex interactions. Microglia and astrocytes are the main inflammatory cells in the nervous system that are involved in the pathogenesis of epilepsy. This pathogenesis includes activating M1 microglia, releasing pro-inflammatory factors, and stimulating the proliferation of reactive astrocytes that form glial scars and cause hippocampal sclerosis. IL-4 is an important anti-inflammatory cytokine that has an important regulatory effect on the above response processes of glial cells (Figure 3). Furthermore, IL-4/STAT6 might be an important pathway for regulating multiple aspects of the activated glial pathology. Additionally, IL-4 can affect the prognosis of gliomas, which are closely related to epilepsy, and improve cognitive function. Moreover, in the adult zebrafish brain, Bhattarai et al. (2016) found that IL-4 regulated neurogenesis, especially NSC proliferation through the STAT6 pathway, and also promoted neural stem cell proliferation and neurogenesis by inhibiting tryptophan metabolism. These events reduce serotonin production and up-regulate BDNF (Bhattarai et al., 2020). Whether in animal models with epilepsy or patients with temporal lobe epilepsy, neurogenesis was reported to be involved in epileptogenesis and epilepsy outcomes (Chen et al., 2019). Consequently, IL-4 very likely plays an important role in the development of epilepsy by regulating neuron-glial interactions.
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FIGURE 3. The effect of IL-4 on microglia and astrocytes. IL-4 can regulate microglial transformation into the M2 phenotype to reduce inflammation, increase autophagy flux, and improve autophagy. IL-4 can also increase the expression of BDNF and synaptophysin in astrocytes, which can improve memory. IL-4 can also reduce the proliferation of reactive astrocytes and reduce the inflammatory response.





AUTHOR CONTRIBUTIONS

LChen, LZ, DL, ZW, and PX contributed to the conception and design of the study. LChen to the writing of the article. QW and YH were responsible for funding. YH contributed to revising the article. LChang and QW were responsible for scientific consultation at all stages, the conceptualization of the study, and revision of the article.



FUNDING

This work was supported by the National Natural Science Foundation of China (81601134, 81660228), Yunnan Applied Basic Research Projects [2017FE468 (-144)], Program for Science and Technology Innovation Team in Yunnan Province (2018HC008), supported by Yunnan Health Training Project of High-Level Talents, and also supported by China Scholarship Council.



ABBREVIATIONS

CKs, Cytokines; IL-1β, interleukin-1β; IL-4, Interleukin 4; IL4Rα, interleukin 4 receptor alpha; γc, r chain; IL-13Rα1, interleukin 13 receptor α1; IFN-γ, Interferon γ; TNF-α, tumor necrosis factor-α; MHC II, major histocompatibility complex II; SE, status epilepticus; FS, febrile seizures; CORT, corticosterone; PGE2, prostaglandin E2; 5-HT, serotonin; NE, norepinephrine; JAK, Janus kinase; IRS, Insulin receptor substrate protein; PI3K, Phosphoinositide-3 kinase; AKT, Protein kinase B; STAT6, Signal transducer and activator of transcription factor; mTOR, Mammalian target of rapamycin; P2Y1, Purinergic Receptor 1; EAE, experimental allergic encephalomyelitis; MOGp, myelin oligodendrocyte glycoprotein; MSCs, mesenchymal stem cells; CPZ, Cuprizone; KA, Kainic acid; EEG, electroencephalographic; LPS, lipopolysaccharide; MTLE-HS, mesial temporal lobe epilepsy with hippocampal sclerosis; ADP, adenosine diphosphate; PPARγ, peroxisome proliferator activated receptor γ; AD, Alzheimer’s disease; MTLE, mesial temporal lobe epilepsy; HS, hippocampal sclerosis; RE, Rasmussen’s encephalitis; HMGB-1, High mobility group box-1 protein; DAMP, Damage Associated Molecular Patterns; NF-κB, nuclear factor-kB; NLRP3, NOD-like receptor with pyrin domain containing-3; OLCs, oligodendroglia-like cells; GRE, glioma-associated epilepsy; LGG, low-grade gliomas; GBM, glioblastoma; HIF-1α, hypoxia-inducible factor-1; AED, antiepileptic drugs; MWM, Morris water maze; BNDF, brain-derived neurotrophic factor; SPR, surface plasmon resonance.



REFERENCES

Aaberg, K. M., Bakken, I. J., Lossius, M. I., Lund Søraas, C., Håberg, S. E., Stoltenberg, C., et al. (2016). Comorbidity and childhood epilepsy: a nationwide registry study. Pediatrics 138:e20160921. doi: 10.1542/peds.2016-0921

Ali, I., Aertgeerts, S., Le Blon, D., Bertoglio, D., Hoornaert, C., Ponsaerts, P., et al. (2017). Intracerebral delivery of the M2 polarizing cytokine interleukin 13 using mesenchymal stem cell implants in a model of temporal lobe epilepsy in mice. Epilepsia 58, 1063–1072. doi: 10.1111/epi.13743

Andrews, A. L., Nordgren, I. K., Campbell-Harding, G., Holloway, J. W., Holgate, S. T., Davies, D. E., et al. (2013). The association of the cytoplasmic domains of interleukin 4 receptor alpha and interleukin 13 receptor alpha 2 regulates interleukin 4 signaling. Mol. Biosyst. 9, 3009–3014. doi: 10.1039/c3mb70298g

Athari, S. S. (2019). Targeting cell signaling in allergic asthma. Signal. Transduct. Target. Ther. 4:45. doi: 10.1038/s41392-019-0079-0

Barik, S., Ellis, J. S., Cascio, J. A., Miller, M. M., Ukah, T. K., Cattin-Roy, A. N., et al. (2017). IL-4/IL-13 heteroreceptor influences Th17 cell conversion and sensitivity to regulatory T cell suppression to restrain experimental allergic encephalomyelitis. J. Immunol. 199, 2236–2248. doi: 10.4049/jimmunol.1700372

Bauer, J., Elger, C. E., Hans, V. H., Schramm, J., Urbach, H., Lassmann, H., et al. (2007). Astrocytes are a specific immunological target in Rasmussen’s encephalitis. Ann. Neurol. 62, 67–80. doi: 10.1002/ana.21148

Beghi, E. (2020). The epidemiology of epilepsy. Neuroepidemiology 54, 185–191. doi: 10.1159/000503831

Benson, M. J., Manzanero, S., and Borges, K. (2015). Complex alterations in microglial M1/M2 markers during the development of epilepsy in two mouse models. Epilepsia 56, 895–905. doi: 10.1111/epi.12960

Bhattarai, P., Cosacak, M. I., Mashkaryan, V., Demir, S., Popova, S. D., Govindarajan, N., et al. (2020). Neuron-glia interaction through Serotonin-BDNF-NGFR axis enables regenerative neurogenesis in Alzheimer’s model of adult zebrafish brain. PLoS Biol. 18:e3000585. doi: 10.1371/journal.pbio.3000585

Bhattarai, P., Thomas, A. K., Cosacak, M. I., Papadimitriou, C., Mashkaryan, V., Froc, C., et al. (2016). IL4/STAT6 signaling activates neural stem cell proliferation and neurogenesis upon amyloid-β42 aggregation in adult zebrafish brain. Cell Rep. 17, 941–948. doi: 10.1016/j.celrep.2016.09.075

Bradl, M., and Lassmann, H. (2010). Oligodendrocytes: biology and pathology. Acta Neuropathol. 119, 37–53. doi: 10.1007/s00401-009-0601-5

Brodie, C., Goldreich, N., Haiman, T., and Kazimirsky, G. (1998). Functional IL-4 receptors on mouse astrocytes: IL-4 inhibits astrocyte activation and induces NGF secretion. J. Neuroimmunol. 81, 20–30. doi: 10.1016/s0165-5728(97)00154-9

Brombacher, T. M., Nono, J. K., De Gouveia, K. S., Makena, N., Darby, M., Womersley, J., et al. (2017). IL-13-mediated regulation of learning and memory. J. Immunol. 198, 2681–2688. doi: 10.4049/jimmunol.1601546

Cai, W., Dai, X., Chen, J., Zhao, J., Xu, M., Zhang, L., et al. (2019). STAT6/Arg1 promotes microglia/macrophage efferocytosis and inflammation resolution in stroke mice. JCI Insight 4:e131355. doi: 10.1172/jci.insight.131355

Chan, F., Lax, N. Z., Voss, C. M., Aldana, B. I., Whyte, S., Jenkins, A., et al. (2019). The role of astrocytes in seizure generation: insights from a novel in vitro seizure model based on mitochondrial dysfunction. Brain 142, 391–411. doi: 10.1093/brain/awy320

Chauvière, L. (2020). Potential causes of cognitive alterations in temporal lobe epilepsy. Behav. Brain Res. 378:112310. doi: 10.1016/j.bbr.2019.112310

Chen, L., Wang, Y., and Chen, Z. (2019). Adult neurogenesis in epileptogenesis: an update for preclinical finding and potential clinical translation. Curr. Neuropharmacol. 18, 464–484. doi: 10.2174/1570159X17666191118142314

Delgoffe, G. M., Kole, T. P., Zheng, Y., Zarek, P. E., Matthews, K. L., Xiao, B., et al. (2009). The mTOR kinase differentially regulates effector and regulatory T cell lineage commitment. Immunity 30, 832–844. doi: 10.1016/j.immuni.2009.04.014

Derecki, N. C., Cardani, A. N., Yang, C. H., Quinnies, K. M., Crihfield, A., Lynch, K. R., et al. (2010). Regulation of learning and memory by meningeal immunity: a key role for IL-4. J. Exp. Med. 207, 1067–1080. doi: 10.1084/jem.20091419

De Simone, R., Niturad, C. E., De Nuccio, C., Ajmone-Cat, M. A., Visentin, S., and Minghetti, L. (2010). TGF-β and LPS modulate ADP-induced migration of microglial cells through P2Y1 and P2Y12 receptor expression. J. Neurochem. 115, 450–459. doi: 10.1111/j.1471-4159.2010.06937.x

Dunn-Pirio, A. M., Woodring, S., Lipp, E., Herndon, J. E. II., Healy, P., Weant, M., et al. (2018). Adjunctive perampanel for glioma-associated epilepsy. Epilepsy Behav. Case Rep. 10, 114–117. doi: 10.1016/j.ebcr.2018.09.003


Estes, M. L., Iwasaki, K., Jacobs, B. S., and Barna, B. P. (1993). Interleukin-4 down-regulates adult human astrocyte DNA synthesis and proliferation. Am. J. Pathol. 143, 337–341.


Eyo, U. B., Murugan, M., and Wu, L. J. (2017). Microglia-neuron communication in epilepsy. Glia 65, 5–18. doi: 10.1002/glia.23006

Feyissa, A. M., Hasan, T. F., and Meschia, J. F. (2019). Stroke-related epilepsy. Eur. J. Neurol. 26:18–e13. doi: 10.1111/ene.13813

Franco, R., and Fernández-Suárez, D. (2015). Alternatively activated microglia and macrophages in the central nervous system. Prog. Neurobiol. 131, 65–86. doi: 10.1016/j.pneurobio.2015.05.003

Friedman, D., Honig, L. S., and Scarmeas, N. (2012). Seizures and epilepsy in Alzheimer’s disease. CNS Neurosci. Ther. 18, 285–294. doi: 10.1111/j.1755-5949.2011.00251.x

Garg, N., Joshi, R., and Medhi, B. (2018). Cracking novel shared targets between epilepsy and Alzheimer’s disease: need of the hour. Rev. Neurosci. 29, 425–442. doi: 10.1515/revneuro-2017-0064

Garg, S. K., Kipnis, J., and Banerjee, R. (2009). IFN-γ and IL-4 differentially shape metabolic responses and neuroprotective phenotype of astrocytes. J. Neurochem. 108, 1155–1166. doi: 10.1111/j.1471-4159.2009.05872.x

González, O. C., Krishnan, G. P., Timofeev, I., and Bazhenov, M. (2019). Ionic and synaptic mechanisms of seizure generation and epileptogenesis. Neurobiol. Dis. 130:104485. doi: 10.1016/j.nbd.2019.104485

Grabenstatter, H. L., Del Angel, Y. C., Carlsen, J., Wempe, M. F., White, A. M., Cogswell, M., et al. (2014). The effect of STAT3 inhibition on status epilepticus and subsequent spontaneous seizures in the pilocarpine model of acquired epilepsy. Neurobiol. Dis. 62, 73–85. doi: 10.1016/j.nbd.2013.09.003

Ha, J., Choi, J., Kwon, A., Kim, K., Kim, S. J., Bae, S. H., et al. (2018). Interleukin-4 and tumor necrosis factor-alpha levels in children with febrile seizures. Seizure 58, 156–162. doi: 10.1016/j.seizure.2018.04.004

Hammond, T. R., Robinton, D., and Stevens, B. (2018). Microglia and the brain: complementary partners in development and disease. Annu. Rev. Cell. Dev. Biol. 34, 523–544. doi: 10.1146/annurev-cellbio-100616-060509

Iori, V., Frigerio, F., and Vezzani, A. (2016). Modulation of neuronal excitability by immune mediators in epilepsy. Curr. Opin. Pharmacol. 26, 118–123. doi: 10.1016/j.coph.2015.11.002

Isakson, P. C., Puré, E., Vitetta, E. S., and Krammer, P. H. (1982). T cell-derived B cell differentiation factor(s). Effect on the isotype switch of murine B cells. J. Exp. Med. 155, 734–748. doi: 10.1084/jem.155.3.734

Ito, T., Suzuki, S., Kanaji, S., Shiraishi, H., Ohta, S., Arima, K., et al. (2009). Distinct structural requirements for interleukin-4 (IL-4) and IL-13 binding to the shared IL-13 receptor facilitate cellular tuning of cytokine responsiveness. J. Biol. Chem. 284, 24289–24296. doi: 10.1074/jbc.m109.007286


Joshi, B. H., Leland, P., Asher, A., Prayson, R. A., Varricchio, F., and Puri, R. K. (2001). In situ expression of interleukin-4 (IL-4) receptors in human brain tumors and cytotoxicity of a recombinant IL-4 cytotoxin in primary glioblastoma cell cultures. Cancer Res. 61, 8058–8061.


Keegan, A. D., Zamorano, J., Keselman, A., and Heller, N. M. (2018). IL-4 and IL-13 receptor signaling from 4PS to insulin receptor substrate 2: there and back again, a historical view. Front. Immunol. 9:1037. doi: 10.3389/fimmu.2018.01037

Latta, C. H., Sudduth, T. L., Weekman, E. M., Brothers, H. M., Abner, E. L., Popa, G. J., et al. (2015). Determining the role of IL-4 induced neuroinflammation in microglial activity and amyloid-β using BV2 microglial cells and APP/PS1 transgenic mice. J. Neuroinflammation 12:41. doi: 10.1186/s12974-015-0243-6

Leal, G., Bramham, C. R., and Duarte, C. B. (2017). BDNF and hippocampal synaptic plasticity. Vitam. Horm. 104, 153–195. doi: 10.1016/bs.vh.2016.10.004

Le Blon, D., Guglielmetti, C., Hoornaert, C., Quarta, A., Daans, J., Dooley, D., et al. (2016). Intracerebral transplantation of interleukin 13-producing mesenchymal stem cells limits microgliosis, oligodendrocyte loss and demyelination in the cuprizone mouse model. J. Neuroinflammation 13:288. doi: 10.1186/s12974-016-0756-7

Li, Z., Liu, F., Ma, H., White, P. F., Yumul, R., Jiang, Y., et al. (2017). Age exacerbates surgery-induced cognitive impairment and neuroinflammation in Sprague-Dawley rats: the role of IL-4. Brain Res. 1665, 65–73. doi: 10.1016/j.brainres.2017.04.004

Li, T., Zhai, X., Jiang, J., Song, X., Han, W., Ma, J., et al. (2017). Intraperitoneal injection of IL-4/IFN-γ modulates the proportions of microglial phenotypes and improves epilepsy outcomes in a pilocarpine model of acquired epilepsy. Brain Res. 1657, 120–129. doi: 10.1016/j.brainres.2016.12.006

Li, Y. Z., Zhang, L., Liu, Q., Bian, H. T., and Cheng, W. J. (2020). The effect of single nucleotide polymorphisms of STAT3 on epilepsy in children. Eur. Rev. Med. Pharmacol. Sci. 24, 837–842. doi: 10.26355/eurrev_202001_20067

Liang, S., Fan, X., Zhao, M., Shan, X., Li, W., Ding, P., et al. (2019). Clinical practice guidelines for the diagnosis and treatment of adult diffuse glioma-related epilepsy. Cancer Med. 8, 4527–4535. doi: 10.1002/cam4.2362

Liu, H., Prayson, R. A., Estes, M. L., Drazba, J. A., Barnett, G. H., Bingaman, W., et al. (2000). In vivo expression of the interleukin 4 receptor alpha by astrocytes in epilepsy cerebral cortex. Cytokine 12, 1656–1661. doi: 10.1006/cyto.2000.0773

Lu, R., Zhang, J., Sun, W., Du, G., and Zhou, G. (2015). Inflammation-related cytokines in oral lichen planus: an overview. J. Oral Pathol. Med. 44, 1–14. doi: 10.1111/jop.12142

Mahfoz, A. M., and Shahzad, N. (2019). Neuroinflammation impact in epileptogenesis and new treatment strategy. Behav. Pharmacol. 30, 661–675. doi: 10.1097/fbp.0000000000000513

Mashkaryan, V., Siddiqui, T., Popova, S., Cosacak, M. I., Bhattarai, P., Brandt, K., et al. (2020). Type 1 interleukin-4 signaling obliterates mouse astroglia in vivo but not in vitro. Front. Cell Dev. Biol. 8:114. doi: 10.3389/fcell.2020.00114

Michels, M., Danielski, L. G., Dal-Pizzol, F., and Petronilho, F. (2014). Neuroinflammation: microglial activation during sepsis. Curr. Neurovasc. Res. 11, 262–270. doi: 10.2174/1567202611666140520122744

Moosa, A. N. V., and Wyllie, E. (2017). Cognitive outcome after epilepsy surgery in children. Semin. Pediatr. Neurol. 24, 331–339. doi: 10.1016/j.spen.2017.10.010

Morin-Brureau, M., Milior, G., Royer, J., Chali, F., Leduigou, C., Savary, E., et al. (2018). Microglial phenotypes in the human epileptic temporal lobe. Brain 141, 3343–3360. doi: 10.1093/brain/awy276

Muro-García, T., Martín-Suárez, S., Espinosa, N., Valcárcel-Martín, R., Marinas, A., Zaldumbide, L., et al. (2019). Reactive disruption of the hippocampal neurogenic niche after induction of seizures by injection of kainic acid in the amygdala. Front. Cell Dev. Biol. 7:158. doi: 10.3389/fcell.2019.00158

Okuneva, O., Körber, I., Li, Z., Tian, L., Joensuu, T., Kopra, O., et al. (2015). Abnormal microglial activation in the Cstb(−/−) mouse, a model for progressive myoclonus epilepsy, EPM1. Glia 63, 400–411. doi: 10.1002/glia.22760

Papadimitriou, C., Celikkaya, H., Cosacak, M. I., Mashkaryan, V., Bray, L., Bhattarai, P., et al. (2018). 3D culture method for Alzheimer’s disease modeling reveals interleukin-4 rescues Aβ42-induced loss of human neural stem cell plasticity. Dev. Cell 46, 85.e8–101.e8. doi: 10.1016/j.devcel.2018.06.005

Park, H. J., Shim, H. S., An, K., Starkweather, A., Kim, K. S., and Shim, I. (2015). IL-4 inhibits IL-1β-induced depressive-like behavior and central neurotransmitter alterations. Mediators Inflamm. 2015:941413. doi: 10.1155/2015/941413

Park, S. J., Kim, H., Kim, S. H., Joe, E. H., and Jou, I. (2019). Epigenetic downregulation of STAT6 increases HIF-1α expression via mTOR/S6K/S6, leading to enhanced hypoxic viability of glioma cells. Acta Neuropathol. Commun. 7:149. doi: 10.1186/s40478-019-0798-z

Pfitzner, E., Kliem, S., Baus, D., and Litterst, C. M. (2004). The role of STATs in inflammation and inflammatory diseases. Curr. Pharm. Des. 10, 2839–2850. doi: 10.2174/1381612043383638

Powers, R., Garrett, D. S., March, C. J., Frieden, E. A., Gronenborn, A. M., and Clore, G. M. (1992). Three-dimensional solution structure of human interleukin-4 by multidimensional heteronuclear magnetic resonance spectroscopy. Science 256, 1673–1677. doi: 10.1126/science.256.5064.1673

Praet, J., Guglielmetti, C., Berneman, Z., Van Der Linden, A., and Ponsaerts, P. (2014). Cellular and molecular neuropathology of the cuprizone mouse model: clinical relevance for multiple sclerosis. Neurosci. Biobehav. Rev. 47, 485–505. doi: 10.1016/j.neubiorev.2014.10.004

Rahaman, S. O., Vogelbaum, M. A., and Haque, S. J. (2005). Aberrant Stat3 signaling by interleukin-4 in malignant glioma cells: involvement of IL-13Rα2. Cancer Res. 65, 2956–2963. doi: 10.1158/0008-5472.can-04-3592

Ramantani, G., and Holthausen, H. (2017). Epilepsy after cerebral infection: review of the literature and the potential for surgery. Epileptic Disord. 19, 117–136. doi: 10.1684/epd.2017.0916


Rand, R. W., Kreitman, R. J., Patronas, N., Varricchio, F., Pastan, I., and Puri, R. K. (2000). Intratumoral administration of recombinant circularly permuted interleukin-4-Pseudomonas exotoxin in patients with high-grade glioma. Clin. Cancer Res. 6, 2157–2165.


Reilly, C., Atkinson, P., Das, K. B., Chin, R. F., Aylett, S. E., Burch, V., et al. (2015). Cognition in school-aged children with “active” epilepsy: a population-based study. J. Clin. Exp. Neuropsychol. 37, 429–438. doi: 10.1080/13803395.2015.1024103

Rosciszewski, G., Cadena, V., Auzmendi, J., Cieri, M. B., Lukin, J., Rossi, A. R., et al. (2019). Detrimental effects of HMGB-1 require microglial-astroglial interaction: implications for the status epilepticus -induced neuroinflammation. Front. Cell. Neurosci. 13:380. doi: 10.3389/fncel.2019.00380

Sakuma, S., Halliday, W. C., Nomura, R., Ochi, A., and Otsubo, H. (2014). Increased population of oligodendroglia-like cells in pediatric intractable epilepsy. Neurosci. Lett. 566, 188–193. doi: 10.1016/j.neulet.2014.03.002

Samudra, N., Zacharias, T., Plitt, A., Lega, B., and Pan, E. (2019). Seizures in glioma patients: an overview of incidence, etiology and therapies. J. Neurol. Sci. 404, 80–85. doi: 10.1016/j.jns.2019.07.026

Sequeida, A., Castillo, A., Cordero, N., Wong, V., Montero, R., Vergara, C., et al. (2020). The Atlantic salmon interleukin 4/13 receptor family: structure, tissue distribution and modulation of gene expression. Fish Shellfish Immunol. 98, 773–787. doi: 10.1016/j.fsi.2019.11.030

Shamran, H. A., Hamza, S. J., Yaseen, N. Y., Al-Juboory, A. A., Taub, D. D., Price, R. L., et al. (2014). Impact of single nucleotide polymorphism in IL-4, IL-4R genes and systemic concentration of IL-4 on the incidence of glioma in Iraqi patients. Int. J. Med. Sci. 11, 1147–1153. doi: 10.7150/ijms.9412

Shigetomi, E., Saito, K., Sano, F., and Koizumi, S. (2019). Aberrant calcium signals in reactive astrocytes: a key process in neurological disorders. Int. J. Mol. Sci. 20:996. doi: 10.3390/ijms20040996

Singhi, P. (2011). Infectious causes of seizures and epilepsy in the developing world. Dev. Med. Child Neurol. 53, 600–609. doi: 10.1111/j.1469-8749.2011.03928.x

Sinha, S., Patil, S. A., Jayalekshmy, V., and Satishchandra, P. (2008). Do cytokines have any role in epilepsy? Epilepsy Res. 82, 171–176. doi: 10.1016/j.eplepsyres.2008.07.018

Sofroniew, M. V. (2009). Molecular dissection of reactive astrogliosis and glial scar formation. Trends Neurosci. 32, 638–647. doi: 10.1016/j.tins.2009.08.002


Standiford, T. J., Strieter, R. M., Chensue, S. W., Westwick, J., Kasahara, K., and Kunkel, S. L. (1990). IL-4 inhibits the expression of IL-8 from stimulated human monocytes. J. Immunol. 145, 1435–1439.


Sun, Z., Yan, X., Liu, Y., Huang, L., Kong, C., Qu, X., et al. (2017). Application of dual targeting drug delivery system for the improvement of anti-glioma efficacy of doxorubicin. Oncotarget 8, 58823–58834. doi: 10.18632/oncotarget.19221

Tang, R. H., Qi, R. Q., and Liu, H. Y. (2019). Interleukin-4 affects microglial autophagic flux. Neural Regen. Res. 14, 1594–1602. doi: 10.4103/1673-5374.255975

Tay, T. L., Savage, J. C., Hui, C. W., Bisht, K., and Tremblay, M. (2017). Microglia across the lifespan: from origin to function in brain development, plasticity and cognition. J. Physiol. 595, 1929–1945. doi: 10.1113/jp272134

Te Velde, A. A., Huijbens, R. J., Heije, K., De Vries, J. E., and Figdor, C. G. (1990). Interleukin-4 (IL-4) inhibits secretion of IL-1 β, tumor necrosis factor alpha and IL-6 by human monocytes. Blood 76, 1392–1397. doi: 10.1182/blood.v76.7.1392.1392

Tsai, F. J., Chou, I. C., Hsieh, Y. Y., Lee, C. C., Lin, C. C., and Tsai, C. H. (2002). Interleukin-4 intron 3 polymorphism is not related to susceptibility to febrile seizures. Pediatr. Neurol. 27, 271–274. doi: 10.1016/s0887-8994(02)00434-4

Umeshita-Suyama, R., Sugimoto, R., Akaiwa, M., Arima, K., Yu, B., Wada, M., et al. (2000). Characterization of IL-4 and IL-13 signals dependent on the human IL-13 receptor alpha chain 1: redundancy of requirement of tyrosine residue for STAT3 activation. Int. Immunol. 12, 1499–1509. doi: 10.1093/intimm/12.11.1499

Valtorta, F., Pennuto, M., Bonanomi, D., and Benfenati, F. (2004). Synaptophysin: leading actor or walk-on role in synaptic vesicle exocytosis? Bioessays 26, 445–453. doi: 10.1002/bies.20012

Vezzani, A., Balosso, S., and Ravizza, T. (2019). Neuroinflammatory pathways as treatment targets and biomarkers in epilepsy. Nat. Rev. Neurol. 15, 459–472. doi: 10.1038/s41582-019-0217-x

Vezzani, A., Friedman, A., and Dingledine, R. J. (2013). The role of inflammation in epileptogenesis. Neuropharmacology 69, 16–24. doi: 10.21236/ada583972

Wang, N., Mi, X., Gao, B., Gu, J., Wang, W., Zhang, Y., et al. (2015). Minocycline inhibits brain inflammation and attenuates spontaneous recurrent seizures following pilocarpine-induced status epilepticus. Neuroscience 287, 144–156. doi: 10.1016/j.neuroscience.2014.12.021


Wertheim, W. A., Kunkel, S. L., Standiford, T. J., Burdick, M. D., Becker, F. S., Wilke, C. A., et al. (1993). Regulation of neutrophil-derived IL-8: the role of prostaglandin E2, dexamethasone and IL-4. J. Immunol. 151, 2166–2175.


Xu, Z., Xue, T., Zhang, Z., Wang, X., Xu, P., Zhang, J., et al. (2011). Role of signal transducer and activator of transcription-3 in up-regulation of GFAP after epilepsy. Neurochem. Res. 36, 2208–2215. doi: 10.1007/s11064-0110576-1

Yang, J., Ding, S., Huang, W., Hu, J., Huang, S., Zhang, Y., et al. (2016). Interleukin-4 ameliorates the functional recovery of intracerebral hemorrhage through the alternative activation of microglia/macrophage. Front. Neurosci. 10:61. doi: 10.3389/fnins.2016.00061

Yao, X., Jiang, Q., Ding, W., Yue, P., Wang, J., Zhao, K., et al. (2019). Interleukin 4 inhibits high mobility group box-1 protein-mediated NLRP3 inflammasome formation by activating peroxisome proliferator-activated receptor-γ in astrocytes. Biochem. Biophys. Res. Commun. 509, 624–631. doi: 10.1016/j.bbrc.2018.11.145

Zare-Shahabadi, A., Soltani, S., Ashrafi, M. R., Shahrokhi, A., Zoghi, S., Pourakbari, B., et al. (2015). Association of IL4 single-nucleotide polymorphisms with febrile seizures. J. Child Neurol. 30, 423–428. doi: 10.1177/0883073814551389

Zhang, Q., Zhu, W., Xu, F., Dai, X., Shi, L., Cai, W., et al. (2019). The interleukin-4/PPARγ signaling axis promotes oligodendrocyte differentiation and remyelination after brain injury. PLoS Biol. 17:e3000330. doi: 10.1155/1751

Zhu, V. F., Yang, J., Lebrun, D. G., and Li, M. (2012). Understanding the role of cytokines in glioblastoma multiforme pathogenesis. Cancer Lett. 316, 139–150. doi: 10.1016/j.canlet.2011.11.001

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Chen, Zhu, Lu, Wu, Han, Xu, Chang and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	REVIEW
published: 23 February 2021
doi: 10.3389/fnmol.2021.612073





[image: image]

Neuropathophysiological Mechanisms and Treatment Strategies for Post-traumatic Epilepsy

Shaunik Sharma, Grant Tiarks, Joseph Haight and Alexander G. Bassuk*

Medical Laboratories, Department of Pediatrics, University of Iowa, Iowa City, IA, United States

Edited by:
Tobias Engel, Royal College of Surgeons in Ireland, Ireland

Reviewed by:
Edward Haig Beamer, Royal College of Surgeons in Ireland, Ireland
Fernando Peña-Ortega, National Autonomous University of Mexico, Mexico

*Correspondence: Alexander G. Bassuk, alexander-bassuk@uiowa.edu

Received: 30 September 2020
Accepted: 26 January 2021
Published: 23 February 2021

Citation: Sharma S, Tiarks G, Haight J and Bassuk AG (2021) Neuropathophysiological Mechanisms and Treatment Strategies for Post-traumatic Epilepsy. Front. Mol. Neurosci. 14:612073. doi: 10.3389/fnmol.2021.612073

Traumatic brain injury (TBI) is a leading cause of death in young adults and a risk factor for acquired epilepsy. Severe TBI, after a period of time, causes numerous neuropsychiatric and neurodegenerative problems with varying comorbidities; and brain homeostasis may never be restored. As a consequence of disrupted equilibrium, neuropathological changes such as circuit remodeling, reorganization of neural networks, changes in structural and functional plasticity, predisposition to synchronized activity, and post-translational modification of synaptic proteins may begin to dominate the brain. These pathological changes, over the course of time, contribute to conditions like Alzheimer disease, dementia, anxiety disorders, and post-traumatic epilepsy (PTE). PTE is one of the most common, devastating complications of TBI; and of those affected by a severe TBI, more than 50% develop PTE. The etiopathology and mechanisms of PTE are either unknown or poorly understood, which makes treatment challenging. Although anti-epileptic drugs (AEDs) are used as preventive strategies to manage TBI, control acute seizures and prevent development of PTE, their efficacy in PTE remains controversial. In this review, we discuss novel mechanisms and risk factors underlying PTE. We also discuss dysfunctions of neurovascular unit, cell-specific neuroinflammatory mediators and immune response factors that are vital for epileptogenesis after TBI. Finally, we describe current and novel treatments and management strategies for preventing PTE.
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INTRODUCTION

More than 3 million people in United States suffer a TBI each year. Among these cases, 80% are mild, 10% moderate, and about 10% severe, accounting for ∼300,000 hospitalizations and ∼50,000 fatalities, annually (Maas et al., 2017). Many traumatic brain injuries cause long-term disabilities, cognitive decline, psychiatric illness, and post-traumatic disorders. About 35% of TBI result from falls, 17% from motor vehicle accidents, and 10% from assaults, while in 21% of the cases, the cause was not recorded (Ding et al., 2016; Centers for Disease Control and Prevention, 2019). Incidence rates are higher in both males and females up to 9 years of age, during teen years, and towards the end of life (>74 years of age). Approximately, 2% of U.S. population live with long-lasting disabilities stemming from TBI; and is one of the single greatest causes of deaths and permanent disability in people under the age of 45 (Maas et al., 2017). The total estimated annual cost for TBI treatment is over $56.3 billion (Faul and Coronado, 2015; Maas et al., 2017). Currently, no available therapies can limit secondary injury or foster repair and regeneration.

Traumatic brain injury can trigger seizures and account for 4% of epilepsy cases (Gupta et al., 2014). New-onset symptomatic epilepsy in adolescents and young adults is most often caused by developmental disorders, infections, skull fracture, intracranial hemorrhage, and subarachnoid or subdural hemorrhage. In contrast, amongst older populations, intracranial hematoma, strokes and tumors are more common causes (Mahler et al., 2015). More than 50% of people develop PTE after severe TBI. According to the American Academy of Neurology, severe TBI is defined as the condition in which a person stays in coma for longer than 24 h post-injury or requires a neurosurgical intervention. Among those who develop epilepsy after severe TBI, nearly 40% experience their first seizure within 6 months of injury, 50–60% within a year and about 80% in the later years of life (Annegers et al., 1998; Agrawal et al., 2006; Pohlmann-Eden et al., 2006; Ding et al., 2016).

Traumatic brain injury is the third most common cause of all epilepsies and results from either direct (primary) or indirect (secondary) damage to brain parenchyma (Kaur and Sharma, 2018; Fordington and Manford, 2020). Trauma or brain injury results in both focal and diffuse injury to the central nervous system (CNS) that can trigger epileptogenesis (Shlosberg et al., 2010; Webster et al., 2017). Focal injuries usually cause contusion, hemorrhage, infarction, and necrosis, causing cortical scarring that effects synaptic plasticity and recovery. On the other hand, diffuse injury leads to axonal shearing, microvasculature damage, release of inflammatory mediators, and free radical overload (Greenfield et al., 2008; Mckee and Daneshvar, 2015). These injuries sabotage vulnerable neuronal populations and white matter tracts; and reactive gliosis that follow neuroinflammation (Wang et al., 2008; Lamar et al., 2014). Later, secondary injury mechanisms reorganize the neural circuits and disrupt brain homeostasis, with the degree of secondary damage largely depending on the severity of primary damage. A mild injury may deteriorate and remodel neural circuits to a lesser extent, whereas a severe insult not only reorganizes neural networks but also cause long-term degenerative changes that results in neuropsychiatric conditions, and cognitive and behavioral deficits (Burda et al., 2016; Ladak et al., 2019). For instance, the release of glutamate after severe head injury causes excitotoxic cell death via excessive calcium release, and generation of free radicals such as reactive oxygen and nitrogen species (ROS/RNS), which elicit an oxidative response against the mitochondria. Further, the recruitment of glial cells and peripheral immune cells (such as leucocytes and macrophages) aggravate the neuroinflammatory response by secreting cytokines. This enhanced proinflammatory response, combined with endothelial ROS, deteriorates the blood-brain barrier (BBB) integrity (Rosenfeld et al., 2012). These combined mechanisms of primary and secondary insults commence a vicious cycle of neurodegenerative events that persist for months to years, executing permanent degenerative changes in the brain (Figure 1). This review highlights cellular and molecular mechanisms that promote seizures, epileptogenesis and epilepsy after TBI. We also discuss the role of immune system, contribution of glial cells, long-term consequences of TBI and therapeutic strategies for managing PTE.
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FIGURE 1. Pathophysiological basis of epileptogenesis following TBI. Complex and multifaceted events triggered during primary injury contribute to secondary injury. These primary and secondary events, which take place over months or years, represent a period of epileptogenesis. Changes such as post-translational modifications of synaptic proteins, reorganization of neural circuits and production and activation of neuroinflammatory molecules/pathways result in PTE. PTE is a progressive process which is a result of mossy fiber sprouting, hippocampal sclerosis, neuroinflammation, neurodegeneration and SRS. PTE, post-traumatic epilepsy; SRS, spontaneous recurrent seizures.




MOLECULAR MECHANISMS OF POST-TRAUMATIC EPILEPSY


Hyperexcitability/Excitotoxicity and BBB Breakdown in TBI


Hyperexcitability/Excitotoxicity

After TBI, excitotoxicity in the brain is generally caused by an increase in extracellular glutamate. Under physiological conditions, glutamate is taken up by astrocytes and converted into glutamine which is then shuttled back to neurons as an alternative energy source (Dienel, 2014). However, excess glutamate overloads astrocytes’ capacity to remove glutamate from the extracellular space (ECS), triggering an enormous Ca2+ and Na+ influx and K+ efflux (Tehse and Taghibiglou, 2019). This resulting ionic imbalance depolarizes the postsynaptic cell membrane, causing a long-lasting increase in excitatory post-synaptic potential. Altered calcium signaling after TBI activates nitric oxide synthase (NOS), proteases, and lipases that trigger cell signaling cascades linked to excitotoxicity and cell death (Weber, 2012; Jarrahi et al., 2020). Elevations in nitric oxide (NO) levels interferes with mitochondrial bioenergetics leading to energy depletion, further adding oxidative stress in neurons. The changes in mitochondrial bioenergetics initiate the release of cytochrome-c- activating caspases, that cause inflammation-induced apoptosis (Adam-Vizi and Starkov, 2010; Rowley and Patel, 2013; Puttachary et al., 2015). Compromise to mitochondrial integrity after TBI elicits the release of ROS/RNS, which deteriorates membrane lipids, proteins, and DNA, and downregulates the expression of glutamate transporters such as GLT-1 and GLAST promoting cellular excitotoxicity (Trotti et al., 1998; Abdul-Muneer et al., 2015; Chen et al., 2020). TBI-induced ATP depletion cause loss of Na+/K+ ion concentration gradient across the plasma membrane due to dysfunctional Na+/K+-ATPase, and leads to excitotoxicity-induced cell stress (Lima et al., 2008). In addition to dysfunctional Na+/K+-ATPase induced excitotoxicity, cell death via lysis or apoptosis also releases cytoplasmic glutamate in ECS after TBI (Zhang et al., 2005). These two forms of glutamate release cause a continual domino effect of cellular excitability that elevates extracellular glutamate concentration in the injured brain.

Numerous in vivo studies on rodent models of TBI have reported an increased glutamate levels in the brain of injured mice, 1–2 days post-injury (Hinzman et al., 2010; Guerriero et al., 2015). Ex vivo studies on brain slices using extracellular field potential recordings have reported elevations in excitatory inputs and evoked synaptic connections between dentate granule cells with mossy fibers, when stimulated with glutamate photostimulation in controlled cortical impact (CCI) model (Hunt et al., 2010). Similar studies, using FRET-based glutamate sensors on hippocampal slices, also reported enhanced cortical excitability and glutamatergic signaling, and increased spread of perforant-path stimulation evoked depolarization in brain slices of CCI and weight drop animals, 2–4 weeks post-injury (Golarai et al., 2001; Cantu et al., 2015). These and other studies confirmed that increase in glutamate response after injury modulate neuronal microcircuits that correlates with an increase in epileptiform activity adjacent to the site of injury.



Blood-Brain Barrier Breakdown in TBI

Blood-brain barrier disruption has a well-recognized role in the pathophysiology of CNS diseases; and understanding the anatomy and physiology of the neurovascular unit in health and disease is critical for advancing translational research into the clinics. Many studies demonstrated that BBB integrity is lost in CNS diseases such as meningitis, encephalitis, Alzheimer disease, Parkinson’s disease, multiple sclerosis, and epilepsy. Damage to the components of neurovascular unit (NVU) such as endothelial cells, after TBI, can impair BBB. Dysfunctional endothelial cell signaling and activation of the immune cell response stimulates the release of proinflammatory mediators, such as ROS, matrix metalloproteinases (MMPs), bradykinins, prostaglandins, cytokines, tachykinins, and excitatory amino acids (Paudel et al., 2019). The formation of intercellular adhesion molecule 1 and vascular cell adhesion protein 1/ERM complex with integrin, via Rac1, releases NADPH oxidase (enzyme involved in oxidative stress) in the endothelial cells generating ROS (Cerutti and Ridley, 2017; Jarrahi et al., 2020). Elevations in ROS levels stimulate the release of MMP-2 and 9 causing damage to tight and gap junction proteins such as occludins, claudins and connexin-43. A further rise in oxidative stress activates focal adhesion kinase, a non-receptor tyrosine kinase, and heat-shock protein 27, that results in receptor endocytosis and stress fiber formation within the cell (Hemphill et al., 2011; Cerutti and Ridley, 2017; Jarrahi et al., 2020). In addition, vascular endothelial growth factor stimulated increase in Src increases phosphorylation of VE-cadherins via serine/threonine-protein kinase, which results in receptor endocytosis. Concurrently, an increase in intracellular calcium activates calcium/calmodulin complex that generates endothelial nitric oxide synthase (eNOS). Rise in eNOS levels inhibits the transcription of claudin-5 and occludin, further increasing BBB permeability (Badaut et al., 2015; Andrews et al., 2016; Cerutti and Ridley, 2017) (Figure 2). An activation of inflammation and the immune response triggers a heightened neuronal response, stimulating neurotransmitter release from the endothelial cells via activation of the central-mediated hypothalamic-pituitary-adrenal axis (Licinio and Frost, 2000; Silverman et al., 2005; Burfeind et al., 2016). These deleterious events initiate multiple signaling transduction pathways, causing changes in BBB permeability and activation of signaling enzymes, such as kinases, to regulate calcium mobilization and gene expression. This affects the transport characteristics of proteins located on endothelial cells, promoting excitotoxicity (Dalal et al., 2020). Therefore, changes in BBB permeability and enhanced endothelial paracellular leak (due to tight junction protein modifications) alter the volume regulators that control BBB homeostasis. This alters tight junction proteins, leading to reorganization and remodeling of the cytoskeletal proteins disrupting brain homeostasis (Stamatovic et al., 2008; Burda et al., 2016).
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FIGURE 2. Vascular endothelial signaling after brain injury. In a brain inflicted with traumatic injury, inflammatory conditions stimulate signaling pathways in the cells of NVU. Cytokines TNFα and IL-1 released from blood cells activate receptors present on the vascular lumen near the sites of inflammation. These cytokines upregulate expression of selectins, chemokines, and integrin ligands like ICAM-1 and VCAM-1 on the surface of the endothelial cells, causing increased production of NADPH oxidase. Elevations in NADPH oxidase-mediated release of ROS degrades tight and gap junction proteins such as occludins, claudins and connexins, by generating excessive amounts of Akt and MMPs (MMP-2 and MMP-9). Oxidative stress enhances the production of FAK2, that damages adhesion molecules, cadherins. Alternatively, increased calcium inside the cell activates IP3 receptors resulting in increased PKC production, which in turn generates PAK via phosphorylation of Src kinase. PAK is also activated by Src phosphorylation via the activation of VEGF receptors. These events collectively damage cadherins compromising integrity of cellular junctions. Elevations in calcium levels also produces eNOS, which blocks claudin-5 and occluding transcription. These events cause BBB breakdown, allowing increased migration of peripheral immune cells into the central nervous system. NVU, neurovascular unit; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion protein 1; MMPs, matrix metallopeptidase; FAK2, focal adhesion kinase 2. Figure created with BioRender.com and R&D Systems.


After TBI, loss in BBB integrity is primarily due to the release of excitotoxic factors by injured neurons and activated glial cells. These factors drive blood cell chemotaxis and their transmigration into the brain. Enhanced leukocyte infiltration and invasion of CNS parenchyma generates a cytokine storm which induces neuronal injury. Infiltration of leukocytes also increases accumulation of intracellular fluid and capillary pressure causing turnover in the transendothelial volume. This can lead to traumatic brain edema exemplifying a transcytosis response to injury (Castejon, 1984; Scallan et al., 2010). Additionally, concurrent modifications take place in glial cells that drive morphological and molecular changes in order to attain reactive morphology. Increased proinflammatory secretions from neurons and reactive glial cells facilitate recruitment of additional immune cells, such as neutrophils and monocytes, from the periphery further modulating brain activity by increasing proinflammatory receptor expression on their surface. The binding of molecules released by neighboring glial cells and injured neurons cause activation of these receptors, exacerbating neuronal excitotoxicity (Medzhitov, 2008; Aronica et al., 2012; Burda and Sofroniew, 2014; Sanz and Garcia-Gimeno, 2020). Increased blood immune cell infiltration and dysfunctional neuro-glia crosstalk cause further rise in cytokine storm, therefore damaging BBB and its components (Figure 3).
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FIGURE 3. Comprised BBB integrity and neuro-glia crosstalk in PTE. Proinflammatory factors released by damaged neurons and glial cells initiate a vicious cycle of inflammation in the brain. (1) Brain injury results in an early activation of microglia and stimulate production of cytokines and expression of DAMPs associated receptors on their surface, leading to neuronal excitability. (2) Increased cellular hyperexcitability due to molecules released by reactive glia and neurons promote, (3) blood cell chemotaxis and transmigration into the brain. Disruption in BBB leads to brain infiltration of immune cells from the blood releasing (4) proinflammatory factors and promoting excitotoxicity. (5) Later, activated microglia release signals that bind to the receptors on astrocytes. (6) Serum albumin induced activation of astrocytes impairs potassium channel and glutamate transporter. In addition, activated astrocytes release proinflammatory factors which exacerbates neuronal hyperexcitability. (7) These factors collectively or on their own cause neurodegeneration. Cytokine mediated crosstalk between astrocyte-microglia and neuro-glia induces hyperexcitability and neuronal cell death. In contrast, molecules derived from neurons, such as HSP60, HMGB1, CD14, CX3CL1, and ATP, cause microglia activation leading to excitotoxicity. Monocytes and leukocytes also release cytokines at this point. This creates an activation cycle which causes release of additional inflammatory molecules triggering cytokine storm in the brain. Discharge of molecules like MHCII, complementary proteins, proinflammatory interleukins, iNOS, transcription factors and microRNAs by macrophages, cause excitotoxicity in neurons. These molecules promote neurodegeneration and initiate neuroinflammatory pathways lowering the seizure threshold. HSP60, heat shock proteins; HMGB1, high mobility group box 1; CD14, cluster of differentiation 14; CX3CL1, chemokine (C-X3-C motif) ligand 1; ATP, adenosine 5′-triphosphate; iNOS, inducible nitric oxide synthase. Figure created with BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-templates.



Pericytes in traumatic brain injury

Traumatic brain injury can have deleterious effects on the neurovascular unit (NVU). Pericytes, an important component of NVU found in capillaries around the brain and other regions, play an important role in the maintenance of BBB, angiogenesis, regulation of blood flow and immune cell movement in the brain (Brown et al., 2019). After brain injury, dysfunctions in pericyte signaling results in the loss of pericyte–endothelium interactions, allowing easy passage for neurotoxins from the blood to enter brain. In vivo studies on the mouse model of TBI have reported reduced expression of pericyte markers, platelet-derived growth factor-B (PDGF-B), NG2 and CD13, 24 h post lateral fluid percussion injury (LFPI). Reduction in these markers also corresponds to a decrease in tight and gap junction proteins (Bhowmick et al., 2019). Alterations in these proteins cause increased water permeability in the brain due to a substantial changes in aquaporin (AQP4) expression around the perivascular region. These studies also reported higher expression of calcium binding protein and a reactive astrocyte marker, S100β, and neuron-specific enolase in the blood samples of TBI animals (Bhowmick et al., 2019). Using two different adult viable pericyte deficiency mouse strains with variable degrees of pericyte loss, Bell et al. (2010) demonstrated that pericyte loss during neurodegenerative conditions can influence brain capillary density, resting cerebral blood flow, blood flow responses to brain activation and blood brain integrity to serum proteins, and blood derived cytotoxic and neurotoxic molecules. Using in vivo multiphoton microscopy on mouse lines expressing PDGFRβ+ exclusively on pericytes, the same group further reported a significant reduction in the length of perfused capillaries that corresponded to a reduction in cerebral blood flow volume (Bell et al., 2010). BBB disruption after TBI causes dysfunction in pericyte-endothelium interaction and increase in toxic accumulation of serum derived proteins in the brain. Using time-lapse imaging of a low-molecular weight 40 KDa TMR-Dextran, studies have reported diminished brain capillary perfusion and changes in vascular permeability in PDGFRβ–/–deficient mice. Golgi histological analysis of neuronal structure and function revealed progressive loss of dendritic spines and significant structural abnormalities in CA1 region of hippocampus in PDGFRβ heterozygous mice at 8 and 16 months of age, supporting a crucial role of pericytes in neurovasculature (Bell et al., 2010). Studies on mouse models of TBI have shown diminished pericyte-endothelium interactions showing reduced oxygenation in ipsilateral and contralateral areas of the somatosensory cortex, as well as other regions of the brain, during early stages of TBI (Johnstone et al., 2014; Zehendner et al., 2015; Ichkova et al., 2020). Using acute brain slices and vascular staining, studies reported changes in neurovascular reactivity and morphological variations in the blood vessels of mice, 1 and 30 days post-injury (dpi). These changes reversed during early and late stages, revealing time-dependent alterations in the neurovasculature and dysfunction in oxygenation and vascular coupling (Ichkova et al., 2020). The results from these and other studies suggest that neurodegenerative changes develop following a primary vascular insult which impairs pericyte–endothelium interactions. Disruption in pericyte signaling alters brain microcirculation causing diminished brain capillary perfusion. This leads to chronic perfusion stress and cellular and molecular alterations of BBB, which includes, changes in transport functions of endothelium, loss of pericytes, decrease in cerebral blood flow, loss of vascular reactivity, changes in vascular morphology, alterations in glial metabolic rate and oxygen deficiency in tissues. These post traumatic brain injury events lead to cellular excitotoxicity and chronic neurodegeneration (Bell et al., 2010; Wu et al., 2020).



Oxidative Stress and Neurodegeneration


Oxidative Stress

Mitochondrial dysfunction has long been recognized as a key source of oxidative stress in epilepsy. Emerging evidence suggests that acute seizures induce oxidative stress, and as a result of initial insult, the process of epileptogenesis begins to dominate the brain (Patel, 2004; Liang and Patel, 2006). During oxidative stress, deleterious changes in mitochondria include altered mitochondrial membrane potential, enhanced nicotinamide adenine dinucleotide phosphate (NADPH) production, impairment of electron transport chain complex 1, 3, and 4, rise in mitochondrial ROS, and mitochondrial DNA damage (Dexter et al., 1989; Cini and Moretti, 1995; Chuang et al., 2004; Kann et al., 2005; Chuang, 2010). These changes in mitochondrial activity cause progressive dysfunction, aligning with a common theme of epileptogenesis as a series of degenerative events that triggers a vicious cycle of oxidative stress and neurodegeneration, ultimately leading to PTE (Vezzani et al., 2011).



Free Radicals of Oxygen and Nitrogen

Free radicals are generated by oxidation and reduction reactions of electrons during hemolytic cleavage, when the bond is broken in such a way that the pair of electrons is shared equally by both the separating fragments. These separating fragments may carry one or more unpaired electrons, which makes free radicals highly reactive in nature. Free radicals are chemically unstable molecules that cause cellular and mitochondrial DNA fragmentation (Lobo et al., 2010; Cardenas-Rodriguez et al., 2013; Ozcan and Ogun, 2015). As a result of oxidative damage, alterations in morphological and functional properties of proteins and lipids takes place. This further impacts cellular and mitochondrial DNA, and cross-link base pairs and cause genetic mutations (Emerit et al., 2004; Waldbaum and Patel, 2010; Ramalingam and Kim, 2012). Free radical species of oxygen and nitrogen include superoxide anion, hydroxyl radical (OH), peroxyl and alkoxyl radicals, hydrogen peroxide (H2O2), peroxynitrite, nitroxyl anion, nitrogen dioxide and nitrate/nitrite (Cheeseman and Slater, 1993; Ozcan and Ogun, 2015; Puttachary et al., 2015). An excessive generation of these radicals within the cell causes oxidative stress.



Free Radical Production and Oxidative Stress

Oxidative stress is a biochemical state when an excessive production of ROS/RNS cause damage to the cell membranes and proteins, as well as to cellular and mitochondrial genomes (Cardenas-Rodriguez et al., 2013). Majority of oxygen and nitrogen-centered free radicals are generated from interactions between NO and molecular oxygen (O2). NO is produced from the substrate L-arginine, with the help of a co-factor NADPH and O2, and enzyme nitric oxide synthase (NOS). In the cytoplasmic membrane, superoxides are primarily generated by NADPH oxidase, after an electron transfer from NADPH to O2. These superoxides are also generated by the action of O2 on xanthine oxidase. Under normal physiological conditions, superoxides are converted into H2O2 by the action of superoxide dismutase, which is then broken down into water and oxygen (with the help of catalase and glutathione peroxidase). Degradation of superoxide dismutase promotes enhanced production of highly reactive peroxynitrites (ONOO–), a powerful oxidizing agent, which results in increased ROS production, DNA, proteins and lipids oxidation and loss of ion channel dysfunction (Halliwell, 1999; Puttachary et al., 2015). Increased superoxide in a cell cause oxidative burst promoting oxidative damage by exacerbating inflammation, enhancing redox signaling and proinflammatory gene regulation (Agledal et al., 2010). Moreover, impairment of catalase and peroxides promote formation of hypochlorous acid from H2O2 by reacting with Cl–, NO2– and phenols. This causes cell death by destabilizing calcium homeostasis. Alternatively, H2O2 can also undergo Fenton and Haber–Weiss reaction to form OH radicals (a harmful free radical of oxygen with high reactivity and a short half-life) which results in proteins and lipid peroxidation, mitochondrial DNA damage and depletion of antioxidant enzymes (Bae et al., 2011; Puttachary et al., 2015).

The metabolic regulation and signaling of redox enzymes, such as NADPH oxidase, lipoxygenase and endoperoxide synthase is exceedingly altered after TBI. At basal levels, NADPH oxidase (NOX-2) is expressed widely in the brain where it plays an important role in learning, memory consolidation, innate immunity, phagocytic activity and apoptosis (Infanger et al., 2006; Aguiar et al., 2012; Eastman et al., 2020). However, under pathological conditions, such as in PTE, NADPH oxidase generates greater amounts of superoxide ions, triggering neuroinflammation and neurodegeneration, as evidenced by various animal models of TBI and chemoconvulsant-induced TLE (Ferreira et al., 2013; Angeloni et al., 2015; Ma et al., 2017; Eastman et al., 2020). For instance, Li et al. (2019) on the chemical induced brain injury model of mice, reported the accumulation of oxidative stress factors such as lipid ROS and 4-hydroxy-2-nonenal (4-HNE) adducts in the somatosensory cortex and hippocampal HT22 cells, 12–36 h post-injury. The same group also discussed the involvement of oxidative enzyme 12/15 lipoxygenase (12/15-LOX) associated ferroptosis in a trauma induced neuronal damage, that corresponds to reduced cell viability and glutathione peroxidase 4 activity in the cortex of mice and in hippocampal cultures (Li et al., 2019). 12/15 LOX plays an important role in modulating oxidative stress and increase post-traumatic seizures by generating oxidized phospholipids (Chinnici et al., 2005). In a study on the rat model of LFPI, Saraiva et al. (2012) demonstrated that an increased levels of thiobarbituric acid and protein carbonylation contents in the brain increased seizure and spiking activity, within a week after injury (Saraiva et al., 2012). These and other studies provide a strong evidence and the significance of synergistic interactions between the redox enzymes in maintaining TBI-induced oxidative stress. In addition, detrimental role of prostaglandin-endoperoxide synthase, such as cyclooxygenase (COX-2) have also widely been reported in various clinical and experimental models of TBI and epilepsy. COX-2 upregulates ROS by producing prostaglandins (specifically, F2 and H), and stimulate astrocytes to produce proinflammatory cytokines which signals for oxidative stress-mediated neuronal death (Madrigal et al., 2006; Hickey et al., 2007; Rojas et al., 2014). COX-2 also initiates inflammatory response in immune cells such as neutrophils and alters tissue homeostasis (Ricciotti and FitzGerald, 2011). Interactions between NOS and COX-2, after brain injury, can affect neocortical development by creating pathological milieu (Kaufmann et al., 1997). Studies on immature rats have reported enhanced COX-2 expression after TBI, that corresponds to an increased NOS and prostaglandin synthesis. Studies have shown that increased lesion size after TBI, corresponds with an increased COX-2 expression, that leads to impaired cognitive deficits in rats (Hickey et al., 2007). These studies demonstrate that the accumulation of oxidative stress factors, after TBI, cause increased cytokine levels, NO metabolites, oxidative enzymes, protein carbonylation contents, SRS and memory deficits over time- which altogether may lead to PTE (Table 1). Inhibition of these enzymes have been shown to prevent cognitive deficits, motor dysfunctions, cerebral edema, cerebral perfusion rate, neurodegeneration and neuroinflammation, in many clinical and animal models (Madrigal et al., 2006; Zhang et al., 2012; Ferreira et al., 2013; Liu et al., 2016; Li et al., 2019). Therefore, targeting these molecules can provide neuroprotection against TBI-induced epileptogenesis.


TABLE 1. Biomarkers of TBI-induced epileptogenesis.
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Neurodegeneration

Depending on the molecular mechanisms affected, neuronal cell death in TBI is classified as either physiologic or excitotoxic. Physiologic cell death is due to injuries that initiate cellular events such as mitochondrial swelling and nuclear membrane/cytoplasm rupture, whereas, excitotoxic cell death occurs a few hours after injury and causes chromatin agglutination and DNA fragmentation, but maintains an intact nuclear membrane (Stoica and Faden, 2010; Ladak et al., 2019). These intrinsic forms of cell death are primarily regulated by calcium release and enzyme-based regulators such as phospholipases, proteases, endonucleases, caspases, death-inducible complexes and pro-apoptotic proteins (Kögel and Prehn, 2000-2013; Broker et al., 2005; Raja et al., 2018). After TBI, the release of caspase-3 and caspase-12 disrupts the balance between pro-apoptotic and anti-apoptotic proteins, drawing the cell toward neurodegeneration and inflammation-induced apoptosis (Knoblach et al., 2002; Li and Yuan, 2008). Caspase-3 cleaves a specific serine-threonine protein kinase called PKCδ, causing its phosphorylation and activation. The activation of the NOX enzyme complex, either on its own or via TNFα, also increases PKCδ production. PKCδ trips the MAP kinase cascade, which allows NFκB to translocate into the nucleus, and transcriptionally activate proinflammatory genes (Sharma et al., 2018). PKCδ also regulates NOS expression and stimulates its release from reactive microglia and neurons, promoting lipid peroxidation by producing 4-HNE and malondialdehyde from hydroxyl radicals via a Fenton reaction (Puttachary et al., 2015; Sharma et al., 2018). 4-HNE impairs astrocytic proteins, such as glutamate transporter (GLT-1) which enhances free glutamate in the ECS. Free glutamate binds to NMDAR, causing NMDAR trafficking and calcium overload, free radical production, activation of gp91phox (heme-binding subunit of NADPH oxidase) and, ultimately, cell-membrane protein degradation and cell death (Reyes et al., 2012; Pecorelli et al., 2015; Sharma et al., 2018). These events are progressive in nature and drive long-term neurodegenerative changes in the brain over time (Figure 4).
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FIGURE 4. Oxidative stress leads to neurodegeneration and neuroinflammation. ROS/RNS incites a multitude of different events that leads to oxidative stress and neurodegeneration. Binding of TNFα to its receptor triggers activation of transcription factors which stimulate the release of prostaglandins and cause neuronal injury via excessive calcium release. An inflammatory stimulus also activates NOX enzymes, either on its own or via TNFα, which produces exorbitant amounts of free radicals of oxygen and nitrogen. This results in peroxidation of proteins and lipids, DNA damage and depletion of anti-oxidant proteins, ultimately causing neurodegeneration. These events also impair mitochondrial bioenergetics leading to inflammation induced apoptosis. Increased calcium influx, due to NMDAR trafficking, also triggers NOX activation and blocks glutamate transporters causing excitotoxic cell death. Increased accumulation of free radicals activates MAP kinase which in turn activates PKCδ. PKCδ phosphorylation promotes transcription of proinflammatory proteins either directly or through NF-κB activation. All these events finally resolve into neuroinflammation and neurodegeneration. ROS/RNS, reactive oxygen/nitrogen species; NOX, nicotinamide adenine dinucleotide phosphate oxidase; MAP, mitogen-activated protein kinase; PKCδ, protein kinase C delta. Figure created with BioRender.com.


Physiological and structural evidence of dendritic loss, modulation of spine density and hippocampal sclerosis have widely been associated with increased seizure susceptibility after TBI (Golarai et al., 2001; Gao et al., 2011; Winston et al., 2013). There are numerous reports on the unilateral or bilateral loss of neurons in hilus and CA3 of hippocampus, progressive mossy fiber sprouting (MFS) in the inner molecular layer of DG and hyperexcitability in DG circuitry, several weeks after TBI (Lowenstein et al., 1992; Diaz-Arrastia et al., 2000; Golarai et al., 2001)-observations that were consistent with human PTE cases (Diaz-Arrastia et al., 2000). EEG and MRI studies on patients with intractable epilepsy, who suffered TBI, showed dysfunctions in temporal lobe as characterized by increased epileptiform spiking, dendritic spine remodeling, reactive gliosis and poor neuropsychologic response. These morphological changes in hippocampus were associated with MFS and hippocampal sclerosis (Diaz-Arrastia et al., 2000). Numerous studies on the rodent models of TBI have reported a strong association between dentate granule cell hyperexcitability and enhanced MFS with hippocampal sclerosis. These studies also demonstrated intense glial reactivity, DG hyperexcitability and neuronal loss in hilus of DG (Golarai et al., 2001; Kharatishvili et al., 2006; Hunt et al., 2009, 2010). Long-term persistent hyperexcitability in DG cause alterations in hippocampal pyramidal cell dendrites, that leads to reduction in spine density or spine loss (Jiang et al., 1998). Abnormalities in dendritic spines promote hyperexcitable circuits which directly influences neuronal excitability. The changes in number and morphology of spines are related to alterations in LTP and LTD, which can have a significant effect on the cognition (Wong and Guo, 2013). In PTE patients, the loss of dendritic spines has been observed in the pyramidal layers of hippocampus and in the granule cell layer of DG (Isokawa and Levesque, 1991; Wong, 2005). Dendritic atrophy, arborization, changes in dendritic length and even varicose swelling of dendrites were reported in some cases (Multani et al., 1994; Isokawa, 1998; Wong, 2005). Animal studies have not only provided a strong evidence for dendritic alterations after TBI, but also provided insights into the cellular and molecular mechanisms involved in such changes. It has been reported that changes in the neural circuits after TBI, and during early post-traumatic seizures can cause spine remodeling due to increased MMP-7 and 9 through NMDA-mediated receptor activation (Bilousova et al., 2006; Pijet et al., 2019). This alters neuromodulation resulting in excitotoxicity-induced neuronal death in the brain (Wong, 2005). For instance, experiments with GABA antagonist on hippocampal slice cultures revealed an increased spine loss in CA3 layer of hippocampus. This was partially reversed by an application of glutamate antagonist. Furthermore, application of glutamate agonist also caused loss of these spines due to NMDA-induced glutamate excitotoxicity due to activation of calcium-dependent enzymes, which degraded cytoskeletal structures (Müller et al., 1993; Jiang et al., 1998). Therefore, these studies strongly supports the role of NMDA receptors in dendritic spine loss and abnormalities that can be reversed using NMDAR modulators, suggesting the role of glutamate excitotoxicity in dendritic spine remodeling after TBI.

Numerous studies point to immunoregulatory molecules as master regulators of inflammation after injury. In cases of severe traumatic brain injuries, immunoregulators activate multiple signaling pathways that drives chronic microglial and immune response, and cause neurodegeneration (Loane et al., 2014). Interferons (IFNs) are among those pleiotropic signaling protein molecules that play a significant role in promoting neuroinflammation and neurodegeneration following PTE. IFNs are potent immune system activators and can act in an autocrine fashion to induce type I-IFN-driven inflammation and disease (Trinchieri, 2012; Uggenti and Crow, 2018). Type I IFNs play an important role in microglial activation and neurodegeneration, especially in the aging brain; and neutralization of such interferons alleviates cognitive deficits and slows down aging (Baruch et al., 2014). Recently, interest has been developed in identifying the DNA sensors responsible for IFN activation. An example of one such sensor is the cGAS-STING pathway. cGAS belongs to the nucleotidyltransferase family that activates STING by binding to DNA, which induces enormous amounts of type I IFN, driving neurodegeneration (Abdullah et al., 2018; Uggenti and Crow, 2018). In their CCI model, James Barret’s group recently reported increased cGAS and STING levels in the brain of juvenile mice, 3 days post-TBI. Using gene expression studies, they further reported enhanced mRNA expression of IFN-β and interferon regulatory factors such as IRF1, IRF4, and IRF7- factors that regulate amplification of type I IFNs in microglia. These studies show that microglia expressing high levels of IFNAR, following TBI, achieve reactive morphology and activation, and can prove to be a crucial target for IFNAR related diseases. Higher IFNAR expression subsequently increases production of TNF-α, NOX2, CCL5, and IL-1β mRNA, promoting cell death by driving synaptic and dendritic loss in neurons. In contrast, knocking out IFNAR and IFN-β has been shown to reverse these effects in the cortex and hippocampus of the mice (Karve et al., 2016; Barrett et al., 2020). Further, through behavioral studies, Barrett et al. (2020) demonstrated that knocking out IFN-β gene significantly improves motor and cognitive performance in the experimental subjects (Barrett et al., 2020). Moreover, several studies suggest that targeting IFN can prevent lesion volume, increase neuronal density, reduce the cytokine storm, decrease microglial activation and leucocyte infiltration, and limit neurodegeneration in the brain (Biliau, 2006; Mathur et al., 2017; Ta et al., 2019). Therefore, therapies targeting IFNAR can prove to be beneficial in treating TBI-associated neurological conditions. These therapeutic strategies can include using caspase inhibitors; cyclic dipeptides (to slow down cytochrome c release); use of pharmacological compounds (blocks cell cycle activators); progesterone and erythropoietin treatment (for edema and proinflammatory cytokine release); and statins (for governing Akt and slowing down microglial activation) (Ucciferri et al., 2007; Tayel et al., 2013; Zhu et al., 2013; Dejager et al., 2014).



Neuroinflammation

Neuroinflammation in the brain is triggered by factors such as microbial infections, accumulation of toxic metabolites, traumatic brain and spinal cord injury, and tissue damage and malfunction. Acute inflammation, after TBI, activate molecules and signaling mechanisms that attempts to restore the body’s disrupted equilibrium by balancing inflammatory and resolution pathways. If these events are not controlled in time, they progress into a chronic stage, eliciting deleterious effects on the brain. The key molecules that regulate inflammation at this stage are granulocytes, platelets, prostaglandins, and cytokines released by lymphocytes, macrophages, microglia and stressed neurons. Their secretions cause intracellular modifications to recreate an unstable cellular microenvironment that disrupts cellular and molecular communications between cells (Herz et al., 2017; Davies et al., 2019; Scanlon, 2019).

Numerous studies on rodent models of epileptogenesis have reported on the post-TBI role of inflammatory mediators, prostaglandins and cytokines IL-1β and TNFα, in the hippocampus and other regions of the brain (Patel et al., 2017; Serhan, 2017). IL-1β, an immune cell mediator and IL-1RI ligand, has been associated with modulation of various neurological functions and in diseases. IL-1β increases NMDAR-mediated calcium release through the activation of Src family kinases (SFKs) (Viviani et al., 2003; Salter and Kalia, 2004). NMDAR are regulated by SFKs, especially by Fyn (Salter and Kalia, 2004). Substantial evidence suggests the link between increased IL-1β-NMDAR-SFK interactions in numerous neurological conditions influencing neuronal functions and enhancing neuronal excitability (Vezzani et al., 1999; Fogal and Hewett, 2008). Studies on hippocampal neurons have demonstrated that neurons exposed to IL-1β exhibit greater glutamatergic excitation and calcium release through NMDAR component, which induces excitotoxic cell death (Viviani et al., 2003). Interaction of IL-1β with IL-1R results in the recruitment of adaptor protein MYD88, which further recruits TRAF6 or IRAK I and II. The MYD88-TRAF6/IRAK I and II complex phosphorylates MAP kinase, causing NF-kB translocation into the nucleus, promoting transcription of proinflammatory genes (O’neill, 1995; Vezzani et al., 2011; Lalitha et al., 2018). These proinflammatory genes are primarily involved in cell death and survival, reorganization of molecular networks, plasticity, synaptogenesis and aberrant neurogenesis- events that takes place simultaneously with epileptogenesis (Vezzani et al., 2011). Activation of IL-1β/IL1R also promotes release of TNFα from astrocytes and glial cells. In contrast, toll-like receptor (TLR) activation stimulates TNFα expression as has been demonstrated in many experimental models of TBI (Yu and Zha, 2012; Shi et al., 2019). TNFα modulates neuronal excitability perhaps by internalizing inhibitory GABAA receptors (Stellwagen et al., 2005; Stück et al., 2012; Pribiag and Stellwagen, 2013). TNFα binding to its receptor activates the TRADD complex and PI3 kinase, resulting in NF-κB activation modulating apoptosis and inflammation (Ermolaeva et al., 2008; Ting and Bertrand, 2016; Holbrook et al., 2019). TNFα activation also increases COX-2 production in response to injury, which is followed by an increase in PGE2 synthesis. Activation of these events cause glutamate accumulation and increases calcium load in the cell exacerbating neuroinflammation (Figure 4).

IL-1β and TNFα are undoubtedly the most well studied and widely known mediators of inflammation following TBI. Exuberant amount of work is underway, in both animal and human models, to target these molecules and prevent neurological outcomes related to TBI. For instance, in a mouse model of blast-injury, IL-1β antagonist Anakinra, has been shown to reduce gliosis, retinal degeneration and neuronal dysfunction (Evans et al., 2020). Another IL-1β synthesis inhibitor, VX-765, delayed seizure onset, duration and the number of SRS in chemoconvulsant induced experimental model of epilepsy (Maroso et al., 2011). In a study on TNFα inhibitors, C7 and SGT11, on a mice model of midline FPI, Rowe et al. (2018) reported significant improvements in cognitive deficits and sensorimotor function tasks (Rowe et al., 2018). Therefore, these studies provide strong evidence on the roles of IL-1β and TNFα inhibitors in modulating TBI-induced inflammation, and improving neurocognitive deficits, linked to TBI.

The role of prostaglandins in the animal models of TBI and in epileptogenesis is well known. Prostaglandins are produced by the action of COX-2 on arachidonic acid, which can be converted into five different prostanoids by the action of specific enzymes, depending on cellular conditions and their requirements. Prostanoids activate 11 receptors that primarily play a role in smooth muscle relaxation and contraction. Depending on the type of receptors and ligands activated, prostaglandins can play a significant role in various physiological and pathological conditions (Jiang et al., 2013; Rojas et al., 2014; Du et al., 2016; Eastman et al., 2020). Numerous studies showed high concentrations of prostaglandins in the brains of human patients and animals with temporal lobe epilepsy (TLE) (Takemiya et al., 2006; Jiang et al., 2013; Rojas et al., 2014; Rana and Musto, 2018). Excess prostaglandins modulate calcium mobilization and cAMP activity, inducing neuronal injury and defects in neuronal plasticity (Hein and O’Banion, 2009; Figueiredo-Pereira et al., 2015; Kang et al., 2017). For example, during febrile seizures, inflammation in the hypothalamic neurons modulate systemic inflammatory response by recruiting prostaglandins from the system (Berg et al., 1998; Zetterström et al., 1998). This enhances EP1/EP2 receptor trafficking, stimulates COX-2 production, and increase prostaglandins within the brain, thereby reducing the threshold for seizures (Gatti et al., 2002). So far, multiple clinical trials of prostaglandin inhibitors for controlling febrile seizures have been largely contradictory: for e.g., patients treated with aspirin therapy had fewer seizures on day two of monitoring, whereas randomized placebo-controlled ibuprofen treatment, in children with febrile seizures, failed to prevent spontaneous recurrent seizures (SRS) (Godfred et al., 2013). An overproduction of prostaglandins and cytokines, along with the recruitment of other disease-causing molecules (such as platelet activating factors, MMPs and TLRs) trigger cellular damage, decrease long-term potentiation, elongate dendritic spines, increase production of forkhead transcription factor 3, modulate voltage-dependent ion channels, and impair BBB leukocyte-endothelium interactions (causing a leaky BBB) (Anderson and Delgado, 2008; Vezzani et al., 2012, 2015; Rana and Musto, 2018). Enhanced production of these molecules and the events they trigger lowers the seizure threshold post-injury and increases the brain’s susceptibility to PTE.



IMMUNE RESPONSE AFTER TBI

Immune cells play important roles in regulating normal functions of the brain, such as neurogenesis, cognition, aging, translation, formation of neural circuits, and stress responses. When this system stops functioning well, disease manifests. Therefore, it is essential to understand the functions of the immune system, to be able to evaluate its role as a repair mechanic that can be optimized, or a disease promoter that should be suppressed. The local inflammation surrounding an injured tissue is pivotal for its recovery. Although sometimes inflammation runs out of control, suppressing it may impact the normal functions of the system. Several studies report that circulating immune cells are vital for CNS protection and repair (Louveau et al., 2015; Morimoto and Nakajima, 2019; Norris and Kipnis, 2019). Blood macrophages are initially activated at the site of injury, and are generally anti-inflammatory and not proinflammatory in nature, challenging the notion of a strictly proinflammatory role for macrophages, post-injury (Popovich et al., 1996). These macrophages are reparative and alternate between an activated or M2 morphology (Rapalino et al., 1998). Rapalino et al. (1998) reported that animals injected with these macrophages, at the site of injury, recovered their locomotor activity and formed less scar tissue. Studies on a TBI chimeric mouse models of neurological diseases have addressed the need for the recruitment of monocytes/blood macrophages to fight progression of the disease, that follows post-injury. These studies proposed that blood macrophages degrade amyloid-β, elevate IL-10 levels, downregulate TNFα, and boost levels of growth factors, such as IGF-1, in the brain, which attenuates neuropathology (Shechter et al., 2009; Hu et al., 2012; Hsieh et al., 2013; Zyśk et al., 2019). Other studies argued that not only do macrophages have a reparative role, but so do circulating T-lymphocytes after injury (especially CD4+ lymphocytes) (Rapalino et al., 1998; Shechter et al., 2009). For instance, elevating the levels of myelin-recognizing T cells, after TBI, is protective and supports recovery, enhances neurogenesis, improves cognition and provides better protection and the ability to cope with stressful conditions (Mckee and Lukens, 2016; Krämer et al., 2019). It is notable that these protective T cells are different from those that cause autoimmune diseases, in terms of their antigen affinity and regulation. These studies validate an indirect role of T cells in maintaining brain homeostasis by regulating hippocampal neurogenesis, maintaining brain plasticity, enhancing cognition, and controlling the stress response.

Immune cells such as microglia (inflammatory microglia) initiate debris disposal after injury, whereas anti-inflammatory microglia initiate healing in response to sterile inflammation. During severe injury, if microglia cannot clear the debris, macrophages from the blood (or healing macrophages) enter the brain, and terminate the microglial response by releasing high amounts of IL-10. Resident microglia and blood macrophages have different functions in protecting the brain from neuroinflammation and behave differently, in a time-dependent manner. The infiltrating blood macrophages support cell survival and renewal after injury, whereas their depletion causes loss of cells (Shechter et al., 2009). Importantly, immune system activation does not always exacerbate the injury response and cause chronic inflammation. If the activated microglia can return to normal, then inflammation resolves itself; if not, however, they can trigger a systemic immune response. Therefore, it is crucial to understand whether the nature of the inflammation is local or systemic when employing anti-inflammatory therapies. In contrast to systemic inflammation, suppressing local inflammation may prove to be the more beneficial option.

The inflammation conundrum in neurodegenerative diseases occurs in the backdrop of ineffective recruitment or a dysfunctional immune system; it varies with model, strain, sex, region of the brain affected, severity and time of insult, age, etc. After an initial infection, the number of T cells remains steady for a long period of time and then declines; and when their number crosses a critical threshold, disease is manifested. The drop of T lymphocytes over time, as reported by Ho et al. (1995), is a very dynamic process, since immediately after infection T cells furiously regenerate themselves. The inflammatory response then kicks in to regenerate more T cells to fight the infection. When this process is exhausted, the disease is evinced (Ho et al., 1995). Researchers recently discovered that the brain is not as immune privileged as previously thought. In fact, CD4 T cells are present around leptomeninges, blood vessels and glia limitans, where they secrete immune signals into the CSF that bathes the brain; and these cells populate the brain meninges right around the time when all of the synaptic remodeling events are taking place, thereby exacerbating inflammation (Rauch, 2004; Koronyo et al., 2015; Pasciuto et al., 2020). In addition to this neuroinflammatory component, PTE also has a peripheral immune element, as the periphery too gets inflamed by the TBI-activated innate and adaptive responses. After traumatic injury, studies have reported a significant activation of immune cells, such as B cells, CD3+, CD4+, and CD8+ T cells, Tregs, and γδ-T cells in spleen as detected through flow cytometry. Evidence of innate and adaptive responses to injury were also observed in other tissues, such as the GI tract and liver (Tobin et al., 2014; Bai et al., 2017). For instance, PCR-arrays tracking cytokine expression showed increase in mRNA for chemokines, such as MCP-1, in the liver and gut, and proliferation of γδ-T cells (Tobin et al., 2014). Researchers are now beginning to realize that cytokines, for the most part, are not made by the neurons and astrocytes but by immune cells and microglia, which populate the entire body including the developing brain, and communicate with resident macrophages to promote tissue remodeling and cleanup (Röszer, 2015; Sridharan et al., 2015; Wynn and Vannella, 2016; Kumar, 2019). Interestingly, in a recent study on maternal immune activation, it was observed that maternal immune activation (from infection or autoimmune predisposition) induces T-cells to release IL-6 and IL-17. IL-17 can cross the placenta and cause cortical malformation and behavioral abnormalities in the baby (Choi et al., 2016; Wong and Hoeffer, 2018). Together, these studies conclusively support a crucial role for our immune system in health, and in the maintenance of inflammation after TBI.



CONTRIBUTION OF ASTROCYTES AND MICROGLIA TO PTE


Role of Microglia in TBI/PTE

Microglia are the resident immune cells that play an important role in immune surveillance of the CNS. Based on their morphology and activation, microglia have various subpopulation forms in the CNS. These subtypes include M0, M2a, M2b, M2c, M2d, and M1 (Franco and Fernandez-Suarez, 2015). M2 microglia have anti-inflammatory properties and play a significant role in maintenance of CNS homeostasis and plasticity, synaptic pruning, removal of pathogens through phagocytosis, neural development, regulating neurotransmitter release, neurogenesis, release of neurotrophic factors and tissue/synaptic remodeling. Microglia are acquisitively sensitive to changes in their local microenvironment. They dramatically change their phenotype and upregulate number of diverse cell-surface antigens. These microglia are typically referred to as M1 microglia. M1 microglia are in the hyper-activated state and can be amoeboid or rod-shaped. They promote immune cell recruitment into the CNS (such as Th1 and Th17), where they release proinflammatory cytokines, chemokines such as CCL2 and CCL20, and monocyte chemoattractant protein-1 and eotaxin. Under such circumstances, microglia stimulate iNOS production, trigger generation and release of ROS/RNS, activate the complementary proteins, and increase COX-2 production to produce prostaglandins (Streit et al., 2004; Dheen et al., 2007; Franco and Fernandez-Suarez, 2015).

During TBI, M1 microglia express several receptors on its surface as a result of either neural injury-derived damage-associated molecular patterns (DAMPs) or due to astrocytic secretions, that bind onto these receptors. Many of these receptors are a family of pathogen recognition receptors, such as TLRs, that recruit adapter proteins and initiate complex cascade of signaling events which regulate transcriptional events and inflammation. In response to DAMPs, and factors released by damaged neurons, astrocytes and immune cells, microglia drastically changes its morphology, proliferate, move along chemotactic gradience, express surface molecules for signaling, carry out cytotoxic attack on neurons and increase increase proinflammatory secretions. Activation of proinflammatory receptors and their downstream products, when released, either causes neural injury or modulate astrocytic activity, causing an A1 phenotype (Sharma and Naidu, 2016; Clark et al., 2019; Wofford et al., 2019). For instance, primary astrocyte-activating signals released by microglia include IL-1, TNFα, and C1q (Liddelow and Barres, 2017; Clark et al., 2019). These cytokines and complement proteins cause structural and functional changes in astrocytes. Reactive astrocytes disassemble synaptic connections between neurons and release neurotoxins that degenerates mature neurons and oligodendrocytes in CNS after TBI (Liddelow et al., 2017). Astrocytes, likewise microglia, also express high levels of proinflammatory receptors, which similarly alter microglial and neuronal activity. The crosstalk between astrocytes, microglia, and neurons causes degradation of the extracellular matrix (Hevin) and metabolic proteins (ADAMTs), triggers leukocyte mediated inflammatory responses (TREM2, complement proteins), promotes neutrophil chemotaxis (complement proteins), recruits immune cells (purinergic receptors), stimulates cell lysis, enhances production of miRNAs, disrupts lipid homeostasis and cell membranes (nuclear receptors), and impairs synaptogenesis (SPARC) (Figure 5). This cross-coupling between neuroglia induce changes in glial physiology causing long-term neurodegenerative changes after TBI, promoting epileptogenesis resulting in PTE (Smith, 2013; Izzy et al., 2019). Increased inflammasome binding onto TLRs, during the first few days post-injury is one of the major drivers of neuroinflammation that triggers epileptogenesis (O’Brien et al., 2020). In addition to the above events, microglial pruning of synapses is increased very early in the disease progression; as a result, the loss of synaptic density due to an increase in the phagocytic capacity of microglia could perhaps be an important factor that promotes epileptogenesis after TBI (Andoh et al., 2019).
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FIGURE 5. Crosstalk between reactive microglia, reactive astrocytes and neurons during neuroinflammation. During inflammation, microglia and astrocytes achieve M1 and A1 like morphology. M1-like microglia, also known as reactive microglia, secrete multiple factors that modulate astrocytic functions by binding onto their receptors. Likewise, astrocytes too secrete molecules that bind onto microglia and modulate their activities. Molecules in purple are released by microglia and induce A1 phenotype in astrocytes and/or modulate astrocytic activity. Molecules in green are released by astrocytes and modulate microglia activity and/or forms reactive microglia. Molecules in orange are released by both astrocytes and microglia, co-regulating each other’s activities. Molecules released by these cells also effect neurons (in red). Beneath neurons are molecules (in purple) that microglia secrete which cause neuronal damage. In green are molecules secreted by astrocytes that cause neurodegeneration. Red dots next to purple and green text indicate molecules released by neurons that alter microglia and astrocytic activities. Some of the receptors on M1 microglia such as TLR4/6 complex, RAGE, CX3CR1, P2YR and P2XR cause microglia activation due to neural injury-derived DAMPs.


The signals and response modifiers in microglial activation can be triggered and modified by several factors based on the cellular origin, chemical structure and signaling. These include structures of infectious agents, immunoglobulins/immune complexes, complement system, cytokines, neurotrophic factors, proteins and peptides, and neurotransmission related compounds and ions such as ATP, purines and glutamate. Many of these molecules, and associated signaling events, are also released after TBI, which perhaps play a crucial role in the pathogenesis of PTE (Wofford et al., 2019). Signals emitted by neighboring resident cells or by immune cells from the periphery shape profiles of induced genes and functions in microglia. Studies have shown that activation of certain types of cytokines such as IFNγ, IL-1β, and TNFα after TBI, drives proinflammatory microglial response with increased expression of IL-12, supporting the role of immune cell (such as Th1) mediated reactions in regulating M1 state of microglia. These signals, in turn, influence the cocktail of chemoattractive factors to organize for a change in the composition of infiltrates to instruct the engagement of neutrophils, monocytes and distinct T-cell subpopulations (Hanisch and Kettenmann, 2007). Indeed, there are multiple reports of the phenotypic shifts in macrophages and microglia in vitro and in vivo, and cytokines produced by T-cell subtypes such as IFNγ are primarily known for this change. These series of events can orchestrate inflammatory reactions in response to traumatic insult (Hanisch and Kettenmann, 2007). Furthermore, time lapse images of microglia, after TBI, have revealed immediate microglial response to the focal injury. They undergo a rapid phenotypic change and form a bulbous body that extend towards the ablation site forming a spherical containment releasing ‘on’ signals (Davalos et al., 2005). On signals are inducible factors and includes a range of chemokines, but also neurotransmitters such as purines and glutamate. A prominent feature of reactive microglia is the high expression of receptors for purines and their wide range of responses to receptor activation, which have been reported in numerous experimental models TBI (Davalos et al., 2005; Jackson et al., 2016; Frenguelli, 2019). For instance, single focal injection of ATP in mice induced a localized response of activated microglia with higher P2Y6 and P2Y12 receptor expression, may support the role of purine receptors in TBI induced epileptogenesis (Davalos et al., 2005; Kumaria et al., 2008; Jackson et al., 2016).

The exciting development in microglia research in terms of origin and progenitors of microglia, their population and stability or turnover under normal and diseased conditions, their contribution to the maturation and support of neuronal development and glial functions, their protective and harmful actions in diseases and the options of therapeutic interventions by silencing or enhancing functions, will help to answer several key questions and help in understanding their role more clearly in health and disease.



Astrocytes and Their Role in TBI/PTE

Astrocytes, first identified by Virchow in 1846 as a glue filling the interstitial fluid, are star-shaped cells in the CNS that play an important role in maintaining brain homeostasis. Astrocytes use their “astrocytic end-feet” to support the metabolic demands of neurons by supplying nutrients from the blood vessels (Cui et al., 2012). They make ‘tripartite synapses’ with pre- and post-synaptic neurons, to integrate synaptic function by means of neurotransmitters and gliotransmitter release (Cui et al., 2012). Neuroactive molecules of astrocytes, such asD-serine, GABA, and adenosine triphosphate (ATP), regulate neuronal functions such as synaptic activity by inducing long-term depression and long-term potentiation, mediate tonic inhibition through Best1 ion channels, inhibit proinflammatory molecules (such as TNFα), assist GABA transporters in a calcium-independent manner and regulate sleep homeostasis, synaptic plasticity, and memory formation (Panatier et al., 2006; Haskó et al., 2008; Lee et al., 2010; Yoon et al., 2011; Fossat et al., 2012).

Astrocytes regulate neuronal functions under normal physiological conditions, but under pathological conditions, astrocytes phenotypically change in response to their microenvironment and become reactive during inflammation (Cui et al., 2012; Pekny and Pekna, 2016). After TBI, reactive astrocytes undergo morphological changes, that corresponds to changes in their functional and molecular properties. These alterations include dysfunctional potassium and glutamate buffering, modulation of aquaporins and adenosine activity, disturbances in gap junctions, disruption of glutamate-glutamine cycle, impairment of cysteine-glutamate antiporter system and mutations in potassium channel genes (Lewerenz et al., 2013; Burda et al., 2016; Zhou et al., 2020). Series of these events over time, results in the accumulation of neurotoxic molecules in the brain and cause BBB disruption. The damage to the BBB promotes extravasation of serum albumin into the brain (Puttachary et al., 2016). Serum albumin in the brain binds to TGFβ receptors on astrocytes, which phosphorylates Alk5 mediated SMAD2/3 complex and p-38 MAPK. This causes SMAD2/3 translocation into the nucleus activating transcription of proinflammatory genes promoting TGFβ and IL-6 production (Milikovsky et al., 2017). In numerous studies on rodent models of TBI, it has been reported that extravasation of serum albumin cause impairment of potassium buffering and glutamate reuptake by downregulating Kir4.1 potassium channels and glutamate transporters (Ranaivo et al., 2012; Weissberg et al., 2015; Zhou et al., 2020). This elevates extracellular K+ and glutamate concentration, and cause hyperexcitability (Puttachary et al., 2016; Steinhäuser et al., 2016). Infiltration of peripheral immune cells (such as T cells and monocytes) after BBB breakdown signals the release of complementary proteins. Up-regulation in complementary proteins promote leukocyte chemotaxis and migration at the lesion site (Cho, 2019). Many complement cascade genes are profoundly upregulated in the reactive astrocytes and neurons after TBI. They play an important roles in activating numerous pathological pathways involved in synaptic loss, increased synaptic pruning, impairment of neuromelanin clearance, increased stress in endoplasmic reticulum, decreased phagocytosis by dendritic cells, modulation in neurite outgrowth and regulating control of growth factors (Daglas and Adlard, 2018; Hammad et al., 2018; Cho, 2019). In response to proinflammatory insult, reactive astrocytes also produce an unknown factor called protein-X, which triggers the production and shedding of the complement components by neurons (Shi et al., 2010). Excessive tagging of neurons by activated complement proteins and their recognition by complement receptors or reactive microglia results in phagocytosis and removal of synapses, and eventually neuronal death.

The combination of aforementioned damaged signals and their relative concentrations most likely determine the type of astrogliosis experienced by astrocytes in different regions surrounding the initial insult zone. On a cellular level, insult to the brain such as TBI results in hypertrophy of astroglial processes and significant increase in astrocytic cytoskeleton (Sofroniew and Vinters, 2010; Burda et al., 2016; Steinhäuser et al., 2016; Chen et al., 2020). Brain damage very rapidly turns most of the astroglial cells into GFAP expressing reactive astrocytes. Both GFAP and vimentin are critically important for the development of reactive astrocytes. Severe stress in astroglia energetics leads to subsequent loss of ion homeostasis that triggers enormous amounts of glutamate in ECS. The astroglial involvement in controlling brain glutamate concentration is double edged. Upon severe injury, astrocytes may turn from being the sink for glutamate to being the main source of the latter. Astrocytes can release glutamate by several mechanisms which are triggered in PTE. First, the reversal of glutamate transporters can be caused by ATP depletion accompanied with an increase in intracellular Na+ concentration and cell depolarization. Second, elevation of cytoplasmic Ca2+ concentration in astrocytes, that follows traumatic injury, may trigger the release of glutamate stored in vesicles. Third, acidosis and lowering extracellular Ca2+ concentration may open glutamate-permeable hemichannels. Fourth, ATP released in higher concentrations by dying and disintegrating neurons can open astrocytic P2X7 purinoceptors which allows glutamate release. Fifth, brain oedema post-TBI can activate volume-sensitive channels which too allows the passage of glutamate.

Excess glutamate in the extracellular space disrupts the cysteine/glutamate antiporter system (CGS), a key anti-oxidant system in astrocytes that imports oxidized cysteine into the cell in exchange for glutamate. CGS regulates movement of amino acids in to and out of the cell, depending on the cellular requirements, and regulates the immune system, resistance against anti-cancer drugs, protection against carcinogenesis, cellular redox homeostasis, and modulates memory and behavior. In astrocytes, the intracellular concentration of cysteine (in its reduced form) is generally lower than glutamate (Lewerenz et al., 2013). Cysteine is an important substrate for the production of glutathione; and, inside the cell, oxidized cystine is reduced to form glutathione through the help of enzyme thioredoxin reductase 1 (Mandal et al., 2010; Lewerenz et al., 2013). Post-TBI, dysfunctional CGS upsets the balance between anti-oxidant and oxidants, causing oxidative stress as a result of glutamate excitotoxicity (Koza and Linseman, 2019). During inhibition of CGS, glutathione levels decline. Once glutathione depletion reaches a critical level, ROS production increases. This does not cause cell death immediately but instead facilitates the activation of signaling pathways and ultimately culminates in cell death. Therefore, neuroprotective compounds that generally are not beneficial during chronic stages of the disease can have favorable outcomes when administered at early time-points (when ROS concentration is gradually increasing, post injury) (Maher and Schubert, 2000; Lewerenz et al., 2013). Modulation in CGS levels have been reported in many neurodegenerative conditions. The increase in CGS in these conditions could primarily be due to an increased glutamate accumulation and release (Chung et al., 2005; Pampliega et al., 2011). This rise in extracellular glutamate is a result of downregulation of the excitatory amino acid transporter (EAAT) that balances CGS-mediated glutamate release. Therefore, specifically targeting glutamate by inhibiting CGS, can be an alternate approach for treating TBI related disorders as it aims to balance glutamate release into the ECS with glutamate uptake by EAATs. Drugs that protect from glutamate excitotoxicity act mainly through these mechanisms and inhibit excitotoxic effects of CGS by increasing glutathione synthesis modulating glutamate release (Lewerenz et al., 2013).

After TBI, initiation of secondary insult mechanisms can trigger epileptogenesis. If primary mechanisms are not controlled on time, they can cause long-term cellular and molecular alterations in astrocytes, leading to serious neurological consequences over time. For instance, astrocytic dysfunction can result in disruption of homeostatic regulation of brain volume and water content levels, causing edema. This can result in increased intracranial pressure, changes in extracellular osmotic pressure and compression damage to neural tissues (Dearden, 1992; Jha et al., 2019). After TBI, astrocytes are unable to remove excess water due to damage to their water channels, called aquaporins. Aquaporins have been widely studied as drivers of pathogenesis in epilepsy and other neurodegenerative conditions. Mutations in aquaporin 4 disrupt fluid osmolarity and potassium homeostasis (Heuser et al., 2010; Binder et al., 2012; Nagelhus and Ottersen, 2013). Although the role of gap junction dysregulation in epilepsy is still controversial, some studies have demonstrated an anti-epileptic role of gap junctions during astrocytic coupling. According to the spatial buffering concept, astrocytes pass excess K+ ions between their networks, reducing K+ concentration in the ECS. Dysfunctions in gap junction proteins, such as connexins, have been reported to increase cellular hyperexcitability and cause seizures. For instance, studies on Cx30–/– mice reported increased neuronal depolarization and lower seizure threshold with disturbances in potassium and glutamate clearance in astrocytes, causing astrocytic swelling (Wallraff et al., 2006; Steinhäuser et al., 2016). Damage to aquaporins and rapid swelling of astrocytes after injury is accompanied by a significant increase in astroglial surface area. Astroglial swelling can trigger numerous secondary effects that can exacerbate the brain damage. In particular, swelling of perivascular astrocytes and astrocyte endfeet may compress brain vessels and limit circulation. Swelling of astrocytes can result in the opening of volume regulated ion channels permeable to glutamate and other excitatory amino acids exacerbating excitotoxic cell death (Sun et al., 2003; Tran et al., 2010). Therefore, the functional and molecular changes in astrocytes, after TBI, promote epileptogenesis suggesting their role in the development of PTE.



LONG-TERM CONSEQUENCES OF TBI/PTE

The possibility of developing PTE, after post-traumatic seizures, is generally higher and so increases the risk of long-term consequences of TBI. These consequences depend on the severity of injury and the region of the brain affected. For instance, the odds of developing long-term implications diminish if the injury is a mild or moderate closed-head one, in contrast to a severe closed-head injury (Naalt et al., 1999; McCullagh and Feinstein, 2003). The closed-head TBI causes bleeding or intracranial hematoma which raises the risk of lasting impact on the brain. Recently, a 30 years followup study conducted in Sweden on patients with TBI, reported that all survivors of TBI, whether moderate or severe, developed dementia within 30 years of injury (Himanen et al., 2006). Moreover, studies on Vietnam War veterans, over the span of 40 years, revealed that treating with anti-convulsants during the acute phase of injury controlled severity and frequency of early seizures, whereas later treatments with anti-convulsants did not prevent the onset of PTE (Raymont et al., 2011). Over 40% of troops that suffer TBI develop PTE in their lifetime, with lasting effects including confusion, cognitive deficits, depression, and anxiety disorders. Long-term follow-up studies on veterans also revealed that about 18% of veterans experienced their first seizure after 15 years of injury (most had seizures after 1–5 years) and about two-thirds are on life-long medications (Raymont et al., 2010, 2011). Interestingly, having a family history of epilepsy or a genetic predisposition adds to the risk of developing PTE after brain injury. The genes involved mainly control plasticity, modulate levels of neurotransmitters, control ion channels, and regulate immune functions (Swartz et al., 2006; Raymont et al., 2010).

After TBI, the incidence of PTE increases and some patients are notoriously difficult to treat due to challenges in long-term follow up and therapeutics (Garga and Lowenstein, 2006; Schmidt et al., 2014; Szaflarski et al., 2014). Video-EEG monitoring and MRI studies on patients with PTE reported that approximately one quarter of the patients develop mesial temporal sclerosis and predicted the development of neocortical lesions on other half of the patients, at some stage in life; whereas, the vast majority of the cases develop focal epilepsy (Gupta et al., 2014). Swartz et al. reported that, of 200 consecutive temporal lobectomies performed on TBI survivors, 21 cases were of PTE, and about 50% of these cases had hippocampal sclerosis characterized by neuronal loss primarily in the hilar region of DG (Swartz et al., 2006). Moreover, a CEEG and PET scanning on 16 TBI patients revealed that ∼28% of these patients had non-convulsive seizures (NCS) over 7 days after injury and one had R temporal NCS during PET while comatosed (Vespa et al., 2010). Further, the same study reported the patients who had seizures several days after injury developed hippocampal atrophy, ipsilateral to the seizure, which was possibly why some develop PTE later in life (Vespa et al., 2010). High-resolution analysis of the brain (through diffusion tensor imaging of the perforant path) revealed that the white matter tracts that are either afferent and efferent to the hippocampus are particularly sensitive to shearing and stretching forces (Wang et al., 2008). This indicates that, at least in some cases, the mechanism of epileptogenesis results from a deafferentation or disconnection of the hippocampus from the long-term synaptic connections which develops over time.

Repeated TBI can alter neural circuits and lead to long-term degenerative changes in the brain and periphery. For instance, chronic traumatic encephalopathy (CTE; a neurological deterioration due to accumulation of hyperphosphorylated tau) causes release of TDP43 (transactive response DNA binding protein), which forms neurofibrillary tangles and increases oxidative stress. TDP43 is produced in high amounts, which affects the anti-oxidant enzyme SOD-1 and causes protein misfolding, damaging the BBB (Pokrishevsky et al., 2012). The breakdown of the BBB may persist for many months or years, gradually causing damage over time. The BBB disruption results in local inflammation which ultimately resolves into epileptogenesis (Tomkins et al., 2011; Vezzani et al., 2012). In the periphery, the cardiac complications of PTE cause morbidity and mortality due to enhanced cardiac contractility, high blood pressure, and production of myocardial ROS. The increased cardiac contractility results in sympathetic storm that causes arrhythmias, high blood pressure, reduced heart rate variability, and the manifestation of congenital heart problems. It also raises plasma catecholamine production, further damaging the myocardium (Shanlin et al., 1988). Elevated catecholamine enhances oxidative load in myocardial tissues, disrupting the balance between oxidants and anti-oxidants. This diminishes NO bioavailability in the heart, affecting general circulation and regulation of blood pressure (Larson et al., 2012).

Generally, after penetrating or severe closed TBI, altered homeostatic mechanisms generate the first seizure, usually a generalized seizure with focal onset, and a late seizure that is a partial complex seizure. A better understanding of the molecular mechanisms that cause these seizures and epilepsies is imperative for development of better drugs and treatments. Moreover, greater understanding of the brain’s immune system is also necessary to identify the causal mechanisms of long-term PTE-related consequences.



THERAPEUTIC INTERVENTION AND MANAGEMENT

Management of brain injury focuses primarily on preventing signs of secondary injury. Currently, no therapies are available for permanently treating TBI-related injuries, although more than 20 drugs are available to treat epilepsy (however one-third of epilepsy patients are refractory to these drugs) (Dalic and Cook, 2016; Hogan, 2018). Moreover, over 40 failed drugs have been tested in the clinical trials against epilepsy in the past decade, most of which were ion channel targets. The failure of these compounds to treat PTE could perhaps be due to the complexity of PTE and the new unknown mechanisms that regulate epileptogenesis after TBI (Temkin, 2001; Varvel et al., 2014). Therefore, it is important to investigate novel non-neuronal targets/mechanisms other than ion channels, such as enzymes, glial cells, neurovascular components, oxidative stress molecules, and nuclear proteins (Table 2).


TABLE 2. Novel therapeutic interventions that may have potential to impact the outcome of TBI-induced epileptogenesis.
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No existing treatments can prevent the long-lasting neurodegenerative changes in PTE, but targeting free radicals during the acute phase of inflammation might prove to be more effective. For example, increased levels of NADPH oxidase after TBI damages mitochondria and other organelles (Bordt and Polster, 2014; Angeloni et al., 2015; Ma et al., 2017). Pharmacological inhibitors of free radicals such as NOX, peroxides, peroxynitrites/nitrates, hypochlorites, phenols and prostanoid antagonists can modulate free radical production and suppress inflammation (Cheng et al., 2012; Korkina et al., 2016; Ma et al., 2017; Smith et al., 2019). Studies have shown that inhibition or genetic ablation of NADPH oxidase improves outcomes in terms of neurodegeneration, oxidative stress mediated mitochondrial dysfunction, gliosis, and increases neurogenesis (Cheng et al., 2012; Altenhöfer et al., 2015; Hirano et al., 2015; Maqbool et al., 2020). In contrast to reducing pro-oxidant levels, increasing anti-oxidants can be a useful, alternate therapy for preventing long-term changes in the brain post-TBI. Inhibitors of conventional targets, such as COX-2, IFN, and prostaglandin, can also help in combating poor outcomes. Interestingly, the chronic PTE signature is quite similar to the IFN signature, in terms of activation of neurodegenerative mechanisms; and inactivating type I IFN with αIFNAR-infusion therapy can block IFNα/IFNβ signaling, lowers expression of inflammatory mediators, diminishes neurodegeneration, and attenuates inflammation. Moreover, an ICV infusion of αIFNAR significantly improves cognitive deficits, motor functions, upregulates neuroprotective genes, and reduces lesion volume (Barrett et al., 2020).

Inhibiting hippocampal neurogenesis after TBI can be a viable therapeutic option for preventing mesial TLE. In most cases, the process of neurogenesis in the hippocampus after injury benefits the brain and allows for recovery of memory and normal behavior (Parent, 2002; Sun, 2014; Redell et al., 2020). Some of that repair may be imperfect and show synaptic reorganization of neural networks, which can create circuitry that is epileptogenic. These considerations show the need for caution and careful design of strategies that target aberrant neurogenesis and synaptogenesis, while leaving the neurogenesis and synaptogenesis that are important for recovery in place.

In terms of treatment and management, controlling swelling and preventing hypoxia or ischemia can prove to be another effective therapy. If, at a certain point, intracranial pressure (ICP) rises dramatically with an increase in intracranial volume, then the brain swells substantially. Preventing this is important because the degree of ICP directly correlates with cerebral perfusion pressure (CPP), the key pressure required by brain, in terms of delivery of oxygen and other nutrients. As ICP rises, CPP drops, and as with it the delivery of nutrients and oxygen decelerates having deleterious effects on the brain. This can further affect cerebral blood flow, reducing oxygen content in the blood (Bouzat et al., 2013; Kinoshita, 2016). Therefore, it is important to develop techniques that will sustain cerebral blood at an appropriate level—keeping CPP up without increasing ICP—to prevent permanent infarction from TBI (Zauner et al., 2002). Strategies for lowering ICP may include stepwise medical management or surgical options (like placing a ventricular drain for CSF) or employing strategies that would increase the intracranial vault size (like decompressive craniotomy). Medical management therapies can include normothermia, normoglycemia, targeting blood pressure, maintaining oxygen and carbon dioxide saturation levels, eliminating hyponatremia, decreasing cerebral metabolic demand/rate, increasing the mean arterial pressure to enhance CPP, and use of vasopressors such as norepinephrine and dopamine to prevent edema (Vespa et al., 1998; Hutchinson et al., 2002; Sookplung et al., 2011).

Prophylactic use of antiepileptic drugs (AEDs) can reduce the risk of early post-traumatic seizures but not the later ones. PTE perhaps represents the ideal model to study the mechanisms of epileptogenesis and develop therapies for epilepsy. Over the last several years it has become clear that, properly chosen, cases of PTE can successfully be treated with surgical interventions. Approximately 60% of the surgical cases of PTE end up being Engel class I, ∼20% Engel class II; and about 80% had favorable surgical outcomes. Gupta et al. (2014) reported that patients with mesial temporal sclerosis, as an epilepsy syndrome, have 92% class I and II outcomes. The lesional cases, from both frontal and temporal, and non-lesional cases were somewhat less favorable (Gupta et al., 2014). In contrast, the outcome of surgical intervention depended on the seizure-onset localization zone. The surgical intervention is not generally recommended in most cases of PTE, as seizure foci can be difficult to localize due to technical issues, such as craniotomies and breach rhythms. Patients with severe TBI may have undergone craniotomy, which may cause breath rhythms (special EEG rhythms that can be artifacts or misguide diagnosis). Moreover, patients with severe TBI may have diffuse cerebral or axonal injury evident on EEG recording as multiple epileptic foci that can overlap with localization of eloquent brain regions (Hakimian et al., 2012). Therefore, it is important to carefully select surgical candidates, as the patient with severe TBI may be at greater risk of surgical complications due to their structural damage or scar tissue and adhesion formation. For these reasons, other adjunctive treatment options such as stimulation of the vagus nerve, responsive nerve, and anterior nerve should be considered.

Medical treatment for PTE can be similar to that for other epilepsies, with the caveat that unnecessary treatment with AEDs may impair neurorehabilitation. There is no evidence that treatment with AEDs or anti-convulsants will be beneficial in cases of moderate to severe TBI; however, some evidence suggests AEDs could possibly reduce the incidence of post-traumatic seizure if administered during the acute phase of injury. One study conducted by Hernandez (1997) showed that treating patients with phenytoin during the acute phase lowers the incidence of early post-traumatic seizures from 14.2 to 3.6%. Yet continuing AED treatment beyond the acute phase has never been shown to change the prognosis for the ultimate development of epilepsy (Hernandez, 1997). Recently, levetiracetam (LEV) has gained popularity in the treatment of PTE, as LEV does not cause the same side effects and has lower cytotoxic effects than other AEDs. Even though no randomized controlled trials have been done, comparative studies show the efficacy of LEV seems slightly better than standard AEDs, and with fewer side-effects. On the downside, observational studies report that LEV is not effective in reducing PTE risk, so it is generally not recommended beyond 7 days post-injury (Szaflarski et al., 2010). As an alternate to LEV, sodium channel blockers are an ideal option, but some of these blockers do not appear to be effective against PTE. For example, Dilantin blocks early seizures but it is not regarded as an effective anti-epileptogenic agent (Szaflarski et al., 2010). Although not every sodium channel blocker has been tested in PTE models, additional replacement therapies are required to treat PTE. These alternate therapies must rely on things like blocking inflammation, promoting BBB repair, or perhaps promoting the integrity of damaged axonal pathways to prevent persistent brain inflammation. Therefore, the goal of developing anti-epileptogenic compounds should be tied to these strategies to promote integrity, resilience, and recovery of neural structures.



CONCLUDING REMARKS

Four key elements—excitotoxicity, neuroinflammation, oxidative stress, and neurodegeneration—are the primary pathognomonic mechanisms responsible for PTE; and it is well known that TBI initiate cycles of neuroinflammatory events that elicit the oxidative stress response tripping a series of events and cycles that exacerbate the acute stage and lead to chronic conditions (Figure 6). The goal of this review is to understand the mechanisms of epileptogenesis after TBI and identify, develop, and validate therapeutic strategies to prevent PTE. In this regard, we can make several key conclusions: (1) the primary source of cellular excitotoxicity after TBI is elevation in extracellular glutamate, increased immune cell infiltration and crosstalk between glial cells and neurons governed mainly through cytokine and chemokine networks; (2) the initial immune response to injury is beneficial and, it works to counterbalance the disequilibrium in the system; (3) Impairment of mitochondria due to an excessive generation of ROS/RNS is a continuous process during epileptogenesis, and is associated with inflammation and neurodegeneration; (4) pro-inflammatory cytokines, and chemokines are the key players released by invading blood cells, microglia, astrocytes, and neurons; (5) over-production of cytokines, lipids, and chemokines over long periods of time triggers cell death; (6) invasion by leukocytes and activated microglia leads to tissue damage at later stages.
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FIGURE 6. Pathophysiological cascades of events from TBI to PTE. A series of cellular and molecular events overwhelms the brain following TBI. TBI induces neurovascular damage and activates biomolecular mediators of injury. This neurovascular damage leads to vasogenic edema and necrotic cell death, while biomolecular mediators lead to necrotic cell death and brain damage. TBI also induces structural damage that leads to cerebral edema and decreases cerebral blood flow, causing acute neurological damage. In addition, cytokines and other molecules released in the extracellular space trigger free radical production in neurons and glial cells, promotes neuronal excitability, and neuronal death. Alterations in mitochondrial bioenergetics, fragmentation of DNA and structural proteins, and activation of neuroinflammatory pathways cause structural and functional changes in the brain that accompany recurrent post-epileptic seizures. All these events, after TBI, are interwoven and rely on other altered cellular and molecular events which exacerbates post-epileptic seizures. Asterisk represents changes that can also lead to secondary damage either directly or indirectly.


Post-traumatic epilepsy is phenotypically heterogenous in humans and it is important to understand this phenotypic heterogeneity to develop antiepileptogenic therapies. Both focal and diffuse mechanisms can result in PTE, and approximately 25–30% of PTE cases are associated with mesial temporal sclerosis. Although surgery is an alternate option, it is generally not recommended, so AEDs remain the first line of treatment. Yet, AEDs are not very effective in treating PTE, but are rather used to treat the symptoms without improving the underlying condition. Patients receiving AEDs often require lifelong AED treatment and some develop severe side effects over time. Furthermore, failure to control epileptic seizures can also lead to increased mortality, reduced quality of life, comorbidity, and depression. In spite of the many AEDs available, a little progress has been made in preventing the onset of new types of epilepsies. Moreover, repurposing anti-seizure drugs to prevent the onset of epilepsy has been entirely unsuccessful up to now.

Understanding epilepsy as a network disorder suggests early phases of epileptogenesis should be targeted before the imbalance spreads to other regions of the brain. This, however, is not as simple as it seems because many of the candidate compounds being investigated have multiple effects and target multiple pathways. These pathways can be different in humans and animal models, which devalues the translational significance of the latter and highlights the importance of designing experiments with the right timing, dosage, and targets, and with appropriate animal models (Smith, 2016; Saletti et al., 2019). Moreover, it is important to define targets with variable injury mechanics and to vary treatments at particular time-points. Ultimately, a clearer understanding of the molecular mechanisms of epilepsy will allow development of truly novel therapeutic targets for PTE.
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Epilepsy is the result of a group of transient abnormalities in brain function caused by an abnormal, highly synchronized discharge of brain neurons. MicroRNA (miRNA) is a class of endogenous non-coding single-stranded RNA molecules that participate in a series of important biological processes. Recent studies demonstrated that miRNAs are involved in a variety of central nervous system diseases, including epilepsy. Although the exact mechanism underlying the role of miRNAs in epilepsy pathogenesis is still unclear, these miRNAs may be involved in the inflammatory response in the nervous system, neuronal necrosis and apoptosis, dendritic growth, synaptic remodeling, glial cell proliferation, epileptic circuit formation, impairment of neurotransmitter and receptor function, and other processes. Here, we discuss miRNA metabolism and the roles of miRNA in epilepsy pathogenesis and evaluate miRNA as a potential new biomarker for the diagnosis of epilepsy, which enhances our understanding of disease processes.
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INTRODUCTION

Epilepsy is the result of a group of transient abnormalities in brain function caused by an abnormal, highly synchronous discharge of brain neurons. Its clinical manifestations mainly include recurrent convulsions and changes in consciousness, which seriously affect the work, daily activities, and physical and mental health of those afflicted with this disorder (Henshall, 2014). There are about 50,000,000 cases of epilepsy worldwide, with approximately 9,000,000 cases in China. Changes in multiple gene patterns in the brain result in the variations in cellular protein metabolism observed in the brain tissue of patients with epilepsy. The pathological mechanism of this disorder has not been clearly defined, and the processes related to neuronal apoptosis, glial regeneration, and the inflammatory response and the molecular mechanisms involved in the multiple links in the genetic information chain (e.g., gene translation, transcription, and post-transcription modification) require further investigation. Thus far, almost all transcriptional and post-transcriptional regulatory mechanisms have been shown to function abnormally during the onset of epilepsy (the process of a normal brain becoming epileptic), including classical transcription factors and epigenetic modifications (Becker et al., 2002; McClelland et al., 2011; Miller-Delaney et al., 2015; Brennan and Henshall, 2018).

MicroRNA (miRNA) is an endogenous non-coding gene that plays a role in post-transcriptional regulation and gene expression in advanced eukaryotes. Its main mode of action is to inhibit mRNA expression by identifying a complementary ribonucleotide sequence in the 3′-untranslated region (UTR) of the target messenger RNA (mRNA). Each miRNA may correspond to mRNAs encoded by hundreds of genes at the same time. Most miRNAs exhibit strictly regulated expression patterns, usually tissue-specific or even cell-specific, highlighting the importance of miRNAs in the time, space, and development stages of specific gene expression patterns. miRNAs can act as negative regulators of mRNAs that mediate gene expression (Uğurel et al., 2016). Therefore, the upregulation of miRNA may downregulate their target mRNA and the expression of the genetic information encoded by these mRNAs. The miRNAs of the nervous system form a complex gene regulatory network, which contains not only normal physiological regulatory information but also abundant neurobiological information related to neurological diseases (Christensen and Schratt, 2009).

In recent years, the emergence of gene chip technology has further explored the relationship between miRNA and epilepsy, as well as the treatment and prognosis of epilepsy (Henshall et al., 2016). Nervous system miRNAs are mainly involved in inflammatory responses, neuronal necrosis and apoptosis, dendritic growth, pathological circuit re-formation, glial cell proliferation, the formation of epileptic networks, impaired neurotransmitter release and receptor function. In short, a series of pathological changes in the nervous system eventually form a repeated excitatory cycle in the hippocampus, leading to the occurrence and development of epilepsy (Alsharafi et al., 2015; Pitkänen et al., 2016). In this review, the role of epilepsy-related pathological mechanisms and the regulatory involvement of miRNAs will be discussed to provide a new understanding of the early diagnosis and treatment of this disorder.



miRNAS: EXPRESSION, PRODUCTION AND MECHANISMS

MicroRNAs are small single stranded RNAs of about 22 nucleotides in length. miRNAs are widely distributed in animals, plants, fungi, and other multicellular eukaryotes. They are highly conserved in evolution and mainly located in non-coding regions of the genome. Although they do not encode proteins, miRNAs participate in important physiological and pathological processes. miRNAs can complement and pair with the 3′-UTR region of target gene mRNA, resulting in mRNA degradation or inhibition of translation. Thus, they can regulate up to 30% of protein expression after transcription (Bartel, 2004; He and Hannon, 2004; Bushati and Cohen, 2007).

Most miRNA promoters are recognized by RNA polymerase II (Pol II), and the initial miRNA transcription products must undergo splicing and polyadenylation (Winter et al., 2009). The initial transcription product, called primary miRNA (pri-miRNA), is about 1000 bp in size (Zeng et al., 2005). In the nucleus, the endonuclease RNase III-type protein Drosha cuts the double strand at the base of the pri-miRNA. The stem-loop intermediate with a phosphate group at the 5′-end of 60–100 bp and a dinucleotide overhang at the 3′-end is the precursor miRNA (pre-miRNA). Drosha is a non-specific RNase that cannot recognize pri-miRNA for specific cleavage and must form a complex with DGCR8 (Pasha) in animals. Specifically, the pri-RNA substrate is recognized by the double-stranded RNA binding site on DGCR8, and then Drosha cleaves the RNA 11 bp from the recognition point to generate the pre-miRNA (Chendrimada et al., 2005; Yeom et al., 2006). Next, Exportin-5, a transport protein on the nuclear membrane, binds to the pre-miRNA by recognizing the protruding dinucleotide structure at the 3′-end of the pre-miRNA, exporting it into the cytoplasm with the help of Ran-GTP. In the cytoplasm, the pre-miRNA is recognized by Dicer. The double strand of the spirochete is cut around the two helical corners from the stem-loop, resulting in a double-stranded RNA of 19–23 nucleotides that is similar in structure to small interfering RNA (siRNA). The mature miRNA comes from one arm of the pre-miRNA, and the other arm produces a fragment of the same length as the miRNA, namely miRNA∗. Finally, RNA helicase acts on the miRNA∗ duplex and undergoes a chain selection process. One strand of the miRNA∗ of the double RNA is degraded, and the other becomes the mature miRNA, which enters the RNA-induced silencing complex (RISC) (Chendrimada et al., 2007).

MicroRNAs are partially complementary to the 3′-UTR sequences of their target mRNAs. Target mRNA stability is not affected by the binding of miRNA; however, mRNA expression after translation initiation is inhibited. miRNAs can inhibit the extension or termination of translation or degrade newly synthesized peptide chains from ribosomes (Bazzini et al., 2012). Recent studies have shown that miRNAs are susceptible to various forms of RNA editing, including adenosine-to-inosine (A-to-I) RNA editing. The editing of miRNAs has a profound impact on the set of target genes that they can regulate. This type of modification can greatly expand the number of potential targets a single miRNA family can regulate and change our understanding of the role of miRNAs in homeostasis and disease environments (Zhang et al., 2006; Kawahara et al., 2007).



THE ROLE OF miRNAs IN EPILEPSY PATHOGENESIS

The exact etiology of epilepsy is still controversial. Its pathogenesis may be closely related to neuronal cell apoptosis, pathological circuit re-formation, glial fibroblast proliferation and inflammatory response (Chang and Lowenstein, 2003; Vezzani et al., 2011), and miRNAs may be involved in the occurrence and development of epilepsy by regulating these pathological processes (Cattani et al., 2016; Wang T. et al., 2017; Korotkov et al., 2020). The potential mechanisms of miRNA imbalance and the different roles of miRNAs in epilepsy pathogenesis are discussed below to highlight potential biomarkers and therapeutic developments (Figure 1).
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FIGURE 1. Pathogenic mechanisms and related miRNAs of epilepsy. Red words indicate the upregulated miRNAs and blue words indicate the downregulated miRNAs.



Neuroinflammation and miRNA

Cerebral tissue injury in patients with epilepsy can promote the release of inflammatory factors and induce inflammatory reactions. These inflammatory factors (e.g., interleukin-1 [IL-1], interferon-α [INF-α], and tumor necrosis factor-α [TNF-α]) can destroy the blood-brain barrier and aggravate damage to the nervous system and also excite neurons and promote repeated seizures (Vezzani et al., 2016, 2019; Rana and Musto, 2018).

In patients with drug-resistant epilepsy, miR-34c-5p was significantly downregulated, which might upregulate high mobility group protein (HMGB1) and IL-1β expression (Fu et al., 2020). Therefore, the authors of the study pointed out that decreased miR-34c-5p levels might exacerbate neuroinflammation in drug-resistant epilepsy and aggravate hippocampal neuron loss in epileptogenesis.

Toll-like receptor 4 (TLR4) is an important immune receptor involved in the development of epileptic inflammation by regulating the expression of nuclear factor-κB (NF-κB), tumor necrosis factor receptor-related factor 6, and IL-1 receptor-related kinase 1 (Kan et al., 2019). Elevated expression of IL-1, IL-6, and INF-α in epileptic foci demonstrates that inflammation is indeed closely related to the occurrence and development of epilepsy (Vezzani et al., 2008; Zhou et al., 2017). miR-146a regulates the expression of NF-κB, IL-1, and INF-α at the post-transcriptional level and affects the inflammatory reaction after an epileptic seizure. Increased miR-146a levels in the epileptic brain may alleviate inflammation, suggesting that miR-146a may be a target for disease treatment (Aronica et al., 2010; Tao et al., 2017; Zhang et al., 2018). In preclinical models of epilepsy, miR-146a also plays an important role in the TLR4 signaling pathway. After a seizure, TLR4 receptors are activated, and NF-κB enters the nucleus for activation. Activated NF-κB can upregulate the expression of miR-146a, IL-1, and INF-α. The increased miR-146a can suppress the activity of NF-κB, thereby reducing the production of IL-1 and INF-α and the inflammatory reaction caused by epilepsy (Boldin et al., 2011; Wang X. et al., 2018). In the refractory temporal lobe epilepsy (TLE) rat model, miR-146a increased the epilepsy susceptibility by reducing complement factor H. Thus, reducing the differential expression of miR-146a induced by epilepsy might reduce the occurrence of epilepsy (He et al., 2016). Enhanced miR-146a expression upregulated IL-1β in chronic TLE by downregulating complement factor H. Therefore, modulating the miR-146a-complement factor H-IL-1β loop circuit might be a novel therapeutic strategy for TLE (Li et al., 2018). miR-146a was up-regulated in the rat/mouse models. However, considering the differences in its downstream regulated target genes, miR-146a as a target for the treatment of epilepsy needs further study.

miR-155 is also associated with the regulation of inflammatory pathways in epilepsy. In children with chronic TLE, the expression levels of both miR-155 and TNF-α are increased. The increased TNF-α levels act as a feedback loop to regulate miR-155 expression. Thus, these two molecules interact to mediate the inflammatory process (Ashhab et al., 2013). Ashhab et al. (2013) confirmed that the expression levels of miR-155 and TNF-α were increased in children with chronic TLE, and miR-155 could increase TNF-α expression to enhance the inflammatory response.

The expression of miR-27a-3p is significantly increased in the hippocampus of epileptic rats (Lu et al., 2019). A miR-27a-3p inhibitor could effectively reduce IL-1β, IL-6, and TNF-α levels and neuronal apoptosis in the hippocampus of these rats (Lu et al., 2019). In contrast, expression of miR-125a-5p is downregulated in the hippocampus of pentylenetetrazol-induced epileptic rats (Liu Q. et al., 2019). Overexpression of miR-125a-5p attenuated epilepsy and decreased inflammatory factor levels in the hippocampus by suppressing calmodulin-dependent protein kinase IV (CAMK4), suggesting that miR-125a-5p might represent a novel treatment for epilepsy (Liu Q. et al., 2019). Lipopolysaccharide (LPS) treatment downregulated miR-132 levels in vitro (Ji et al., 2018). Overexpression of miR-132 reduced LPS-induced inflammatory injury, decreased the phosphorylated levels of kinases in the NF-κB and MEK/ERK pathways, and attenuated LPS-induced inflammatory cell injury by targeting tumor necrosis factor receptor-associated factor 6 (TRAF6) (Ji et al., 2018).

To conclude, dysregulated miRNA expression may be involved in epilepsy pathogenesis by regulating the expression of inflammatory factors (e.g., IL-1, INF-α, and TNF-α). Importantly, miR-146a may not only regulate inflammatory factors involved in the onset of epilepsy but may also be a biomarker for diagnosing epilepsy and an important therapeutic target.



Apoptosis and miRNA

Recurrent epileptic seizures can cause neuronal apoptosis, and the decrease in cell number can reorganize the synapses between neurons and form abnormal synaptic loops that promote epilepsy recurrence (Henshall and Simon, 2005). Tivnan et al. (2011) were the first to demonstrate an association between miR-34 and apoptosis by reducing MAP3K9 mRNA and protein levels. After an epileptic seizure, the body upregulates the expression of pro-apoptotic miRNA and downregulates the expression of anti-apoptotic miRNA to increase cell apoptosis, which affects the occurrence and development of epilepsy (Hu et al., 2012).

miR-21 can inhibit cell apoptosis (Wang K. et al., 2017). miR-21 expression in the hippocampus is increased several hours after a seizure, which might reduce the inhibitory effect on the 3′ UTR region of the neurotrophin-3 and promote cell apoptosis (Peng et al., 2013). Risbud et al. (2011) demonstrated that the hippocampal miR-21 levels increased significantly from 2 days to 3 weeks in epileptic rats. They also found that the active protein of caspase-3 related to apoptosis signal transmission and the number of apoptotic cells also increased. Therefore, the mechanism underlying the role of miR-21 in epilepsy may be by activating pro-apoptotic genes to promote neuronal apoptosis.

miR-34a is an evolutionarily conserved pro-apoptotic miRNA that can be upregulated by activated p53. Hu et al. (2012) reported that miR-34a expression levels are increased in post-status epileptic rats. They showed that miR-34a was upregulated during seizure-induced neuronal death or apoptosis, and targeting miR-34a was neuroprotective and abrogated the increase in activated caspase-3 protein. miR-141 expression is also upregulated in patients with epilepsy. In vitro, miR-141 overexpression induces nerve cell apoptosis, suppresses proliferation, induces caspase-3/9, Bax and p53 expression, and reduces silent information regulator 1 protein expression (Liu D. et al., 2019). miR-128 expression is increased in rats with lithium chloride-induced epilepsy. Chen et al. (2019) demonstrated that miR-128 overexpression promoted nerve cell apoptosis, increased p53, Bax, and cytochrome c protein expression, and enhanced caspase-3/9 activity. Therefore, anti-miR-128 may be neuroprotective against epilepsy through the SIRT1/p53/caspase signaling pathway.

In addition to the role of pro-apoptotic miRNAs in epilepsy, some anti-apoptotic miRNAs are also differentially expressed and involved in the pathological mechanism of epilepsy. miR-184 is an apoptosis regulator that is upregulated in the CA3 subfield of the mouse hippocampus (McKiernan et al., 2012). McKiernan et al. (2012) showed that miR-184 had anti-apoptotic effects, which might be achieved by regulating the Numblike gene. miR-421 is downregulated in hippocampal neurons of epileptic mice. MYD88 is a target of miR-421. This miRNA could inhibit apoptosis and autophagy in hippocampal neurons in epileptic mice by downregulating the TLR/MYD88 pathway (Wen et al., 2018).

miR-129 expression is decreased in hippocampal neurons in epileptic rats (Wu et al., 2018). Wu et al. (2018) suggested that c-Fos was a potential target gene for miR-129, which could inhibit proliferation and apoptosis of hippocampal neurons in rats by repressing c-Fos expression through inhibiting the MAPK signaling pathway.

miR-25-3p is associated with oxidative stress and apoptosis. Li et al. (2020) found that miR-25-3p was downregulated concomitant with upregulated OXSR1 expression in the hippocampus of KA-treated rats. miR-15a expression is also downregulated in TLE tissues. Upregulated miR-15a significantly suppresses the apoptosis rate in epileptic cells. In addition, Fan et al. (2020) demonstrated that miR-15a directly targets GFAP. Thus, miR-15a upregulation might inhibit cell apoptosis and the inflammation in TLE by targeting GFAP, providing a potential therapeutic target for the treatment of TLE.

In general, the available data suggest that different miRNAs participate in epilepsy pathogenesis or protect neurons by regulating the level of apoptosis. Modulation of these differentially expressed miRNAs may provide new strategies for the treatment of epilepsy.



Glial Cell Dysfunction and miRNA

Glial cells have supportive and protective effects on neurons, and they are mainly involved in the material metabolism of neurons. Their dysfunction may be an important cause of epilepsy. For example, dysfunction of glial cells may interfere with glutamate homeostasis and uptake, resulting in overexcitation of neurons and, eventually, epilepsy (Jimenez-Mateos et al., 2015). Reactive glial cells are also believed to contribute to the development of epilepsy by regulating brain inflammation and extracellular matrix (ECM) remodeling (Korotkov et al., 2020). miR-132 is one of the most commonly upregulated miRNAs in animal TLE models. Korotkov et al. (2020) demonstrated that the miR-132 expression is increased in the human epileptogenic hippocampus, particularly in glial cells. By transfecting miR-132 into human primary astrocytes, the expression of pro-epileptogenic COX-2, IL-1β, TGF-β2, CCL2, and MMP3 were decreased, suggesting that modulating miR-132 expression in astrocytes might be a potential therapeutic target warranting further investigation (Korotkov et al., 2020).

miR-155 is abundantly expressed in glial cells, and its expression is significantly increased in the brain tissue of epilepsy patients and kainate (KA)-induced epileptic mice. Fu et al. (2019) noted that abnormal proinflammatory cytokine expression and microglia morphology could be changed by silencing miR-155. In addition, a miR-155 antagomir may reduce microglia-impaired neuron excitability and attenuate KA-induced epilepsy by inhibiting microglia activation (Fu et al., 2019). Moreover, inhibition of miR-155 could also attenuate MMP3 overexpression after IL-1β stimulation in astrocytes, suggesting a possible strategy to prevent epilepsy via the modulation of glial cells and reduction of inflammation (Korotkov et al., 2018).

miR-23a is another miRNA for which increased expression is observed in the hippocampus of epileptic rats. Song et al. (2011) demonstrated that miR-23a had an effect on glial cell apoptosis. When miR-23a was inhibited, the expression of its target genes (STK4 and caspases) was increased, leading to increased glial cell apoptosis. Therefore, miR-23a might participate in the development of epilepsy by promoting glial cell proliferation and blocking glial cell apoptosis (Song et al., 2011).



Pathological Circuit Re-formation and miRNA

The synapse is a special structure composed of the neuronal cell body, axon, and dendrite. An external signal stimulates the growth of dendritic spines and synapse formation. Pathological circuit re-formation refers to abnormal synaptic connections caused by brain tissue damage. The pathological neural circuit formed by this remodeling may lead to recurrent epilepsy (Janz et al., 2017). Previous studies have suggested that some miRNAs affect neuron development and pathological circuit re-formation by regulating protein synthesis, covalently modifying existing proteins, and reusing membrane receptors after epileptic seizures (Cattani et al., 2016).

miR-132 is involved in pathological circuit re-formation and the regulation of dendritic spines. Studies have also found that miR-132 expression is increased in children with TLE, speculating that increased miR-132 levels might affect pathological circuit re-formation and neuronal apoptosis through the regulation of P250GAP and promote the occurrence of epilepsy (Jimenez-Mateos et al., 2011; Scott et al., 2012). This miRNA was first discovered by Nudelman et al. (2010), who observed that the upregulation of miR-132 expression could increase neuronal activity in a rat model of pilocarpine-induced epilepsy. Through a series of complex signal transduction, miR-132 could inhibit the production of GTPase activating protein (P250GAP), thereby affecting the pathological circuit re-formation of hippocampal neurons (Nudelman et al., 2010). Moreover, increasing miR-132 expression in hippocampal neurons could induce pathological circuit re-formation, while inhibiting its expression would have the opposite effect (Wayman et al., 2008).

miR-124 is a brain-specific miRNA that was originally believed to be a key regulator of neuronal differentiation and nervous system development. It is extremely abundant in the brain and can regulate the growth of neuronal synapses. miR-124 also plays an important role in epilepsy. Wang W. et al. (2016) found that miR-124 expression was decreased in patients with epilepsy and rats after drug induced-seizures. CAMP response element-binding protein1 (CREB1) is a key regulator in epileptogenesis (Wang W. et al., 2016). miR-124 directly targets the 3′ UTR of the CREB1 gene to repress CREB1 expression and abrogate the-epileptic effect (Wang W. et al., 2016). The EPAC protein is a guanine nucleotide exchange factor that acts as an intracellular receptor for cyclic adenylate. Yang et al. (2012) found that a mutation in the mouse EPAC gene caused abnormal synaptic transmission, which reduced the spatial and social learning ability of mice. However, the silencing of miR-124 restored the cognitive function of the mice, suggesting that miR-124 was closely associated with pathological circuit re-formation and could further affect the cognitive function of epileptic mice (Yang et al., 2012).

miR-134 is a brain-specific, activity-regulated miRNA that has been implicated in the control of dendritic spine morphology (Jimenez-Mateos et al., 2012). miR-134 expression is upregulated in experimental epilepsy models and the human disease. Inhibition of miR-134 expression could reduce the number of neuronal spines and degree of pathological damage to brain tissue after an epileptic seizure (Jimenez-Mateos et al., 2012).



Autophagy and miRNA

The relationship between autophagy and epilepsy has not been fully clarified. Some studies suggest that autophagy may induce epilepsy through the mammalian target of rapamycin (mTOR) pathway or abnormal glycogen accumulation. Some miRNAs may affect the onset of epilepsy by regulating the process of autophagy. For example, miR-34a negatively regulates autophagy and is up-regulated after epileptic status. However, autophagy is activated after recurrent neonatal convulsions, suggesting that miR-34a may play an important role in the excitatory toxicity induced by neonatal convulsions (Gan et al., 2015).

miR-155 induces autophagy through mTOR, and this effect is more obvious in the young mouse status epilepticus model, which strongly suggests the existence of this hypothetical pathway in epilepsy (Wan et al., 2014).

miR-181b expression is decreased in juvenile KA-induced epileptic rats (Wang et al., 2019). Wang et al. demonstrated that TLR4 is a direct target of miR-181b. This miRNA can inhibit the P38/JNK signaling pathway by targeting TLR4, thereby attenuating autophagy of KA-induced epileptic juvenile rats (Wang et al., 2019).

Furthermore, as mentioned above, miR-421 could inhibit the apoptosis and autophagy of hippocampal neurons in epilepsy mice by down−regulating the TLR/MyD88 pathway (Wen et al., 2018).



Oxidative Stress and miRNA

Oxidative stress caused by excessive free radical release is involved in the pathological processes of many neurodegenerative diseases. However, the relationship between oxidative stress and epilepsy has only recently been recognized. Accumulating evidence demonstrates that oxidative stress is a key factor in not only the consequences of epilepsy but may also be involved in the disease pathogenesis. An impaired antioxidant system, mitochondrial dysfunction, and activation of the arachidonic acid pathway may be the main underlying causes of epilepsy pathogenesis. Oxidative stress affects the expression levels of multiple miRNAs, and, conversely, miRNAs could regulate many genes involved in the oxidative stress response. Both oxidative stress and miRNA regulatory networks influence processes of neurological diseases, including epilepsy (Konovalova et al., 2019).

miR-23a is one of the most common miRNAs involved in hippocampal neuronal injuries and spatial memory impairment in an experimental model of TLE. Zhu et al. (2019) found that miR-23a was upregulated in the hippocampus after status epilepticus (SE) in KA-induced TLE mice. In addition, this change in miR-23a expression was accompanied by hippocampal oxidative damage. Furthermore, hippocampal oxidative stress and neuronal injuries could be significantly improved by inhibiting miR-23a expression with miR-23a antagomirs. Thus, targeting miR-23a in the epileptic brain might provide a novel strategy for protecting against hippocampal neuronal injuries in TLE patients (Zhu et al., 2019).

Previous studies revealed the neuroprotective effect of miR-134 antagomirs, which could reduce ischemic injury and cause prolonged seizure suppression (Huang et al., 2014). It was reported that miR-134 levels were significantly upregulated in rat brain after KA-induced SE (Gao et al., 2019). A miR-134 antagonist could suppress lesion-induced endoplasmic reticulum stress and apoptosis-related CHOP expression. Gao et al. (2019) suggested silencing of miR-134 could modulate the epileptic phenotype by upregulating CREB, which might be a promising intervention for the treatment of epilepsy.

The miR-181a-5p expression levels are increased in a lithium-pilocarpine model of epilepticus in immature rats. Inhibition of miR-181a-5p might protect the hippocampus against the damage from an epileptic seizure through various mechanisms, including oxidative stress. Moreover, inhibition of miR-181a-5p could exert a seizure-suppressing effect via SIRT1 upregulation, suggesting a potential role for the miR-181a-5p/SIRT1 pathway in the development of temporal lobe epilepsy (Kong et al., 2020).



Deregulation of Neurotrophic Factors and miRNA

Brain-derived neurotrophic factor (BDNF) and its receptor tropomyosin-related kinase B (TrkB) are involved in the pathophysiology observed with epilepsy. In recent years, the miRNAs that may be involved in BDNF-mediated epilepsy have received increasing attention. miR-155 expression levels were higher in epilepsy patients compared to the normal controls. Moreover, Duan et al. (2018) also demonstrated that miR-155 contributes to the occurrence of epilepsy through the PI3K/Akt/mTOR signaling pathway. Xiang et al. (2015) found a dramatic upregulation of miR-132 and BDNF mRNA expression in the hippocampal neuronal culture model of SE. In addition, their results suggested that miR-132 promotes epileptogenesis by regulating BDNF/TrkB signaling. In contrast, neurotrophin-3 mRNA levels decrease in the hippocampus following SE, concurrent with an increase in miR-21. Thus, the miR-21 levels in cultured hippocampal neurons are inversely correlated with neurotrophin-3 mRNA levels, and miR-21 is a candidate for regulating neurotrophin-3 signaling in the hippocampus following status epilepticus (Risbud et al., 2011).

miR-103a expression is increased in an epileptic rat model induced by lithium chloride-pilocarpine treatment. miR-103a inhibitors induced BDNF expression, increased the number of surviving neurons, and decreased the number of apoptotic neurons (Zheng et al., 2019). miR-451 is also upregulated in KA-induced epilepsy models, and miR-451 knockout improved the pathological changes in the hippocampus. In addition, miR-451 knockout might inhibit the apoptosis of hippocampal neurons. Glial cell line-derived neurotrophic factor (GDNF) is a target gene of miR-451. GDNF overexpression reversed the effect of miR-451 on KA-induced brain injury and neuronal apoptosis (Weng et al., 2020).




miRNAs AS BIOMARKERS OF EPILEPSY

For most epilepsy patients, clinicians can give a timely and correct diagnosis through patient history and clinical manifestations. Effective biomarkers can help to make the correct diagnosis and epilepsy classification and provide an opportunity to develop targeted therapy for epilepsy. Genetic biomarkers, such as the gamma-aminobutyric acid (GABA) receptor gene, 5-hydroxy tryptamine (5-HT) receptor gene, sodium channel voltage-gated type I-alpha (SCN1A) gene, aquaporin-4 (AQP4), and inwardly rectifying potassium channel (Kir4.1) gene, and inflammatory biomarkers (e.g., IL-2, IL-6, and TNF-α) may offer help in diagnosing epilepsy (Symonds et al., 2017). However, the application of these biomarkers is limited as some results are inconsistent and lack diagnostic specificity.

MicroRNA can affect the synthesis and molecular structure of a variety of proteins, and changes in miRNA expression levels and activity may affect cellular functions (Krol et al., 2010). Indeed, miRNA expression via oligonucleotides can easily lead to widespread gene expression changes (Bajan and Hutvagner, 2020). These properties make miRNAs useful epilepsy biomarkers and potential new therapeutic targets (Supplementary Table 1). Avansini et al. (2017) performed high-throughput sequencing analysis on plasma miRNA from 14 mesial TLE (MTLE) and 13 focal cortical dysplasia (FCD) samples along with 16 normal controls. They found that miR-134 was significantly downregulated in the plasma of MTLE patients, suggesting that decreased hsa-miR-134 expression could be a potential non-invasive biomarker to support the diagnosis of patients with MTLE. Other potential circulating biomarkers are miR-145, miR-181c, miR-199a, and miR-1183, which were overexpressed in the blood of patients with MTLE with hippocampal sclerosis (MTLE-HS) (Antônio et al., 2019). Serum miR-328-3p is also an important peripheral biomarker for the diagnosis of MTLE-HS with high area under the curve (AUC) values when comparing controls to Engel I (90.3%). For predicting the surgical prognosis of MTLE-HS patients, miR-654-3p had statistical power as a peripheral biomarker (AUC = 73.6%) to differentiate Engel I from Engel III-IV patients (Ioriatti et al., 2020). Wang et al. (2015b) used Illumina HiSeq2000 sequencing to screen for differentially expressed miRNAs in the serum of 30 epilepsy patients and 30 healthy controls. They found that miR-106b-5p had the highest diagnostic value for epilepsy, with a sensitivity of 80.3% and a specificity of 81.2%, suggesting that miR-106b-5p could be used as a non-invasive diagnostic biomarker for epilepsy (Wang et al., 2015b). An et al. (2016) recruited 90 epilepsy patients (57 cases of generalized seizures, 33 cases of focal seizures) and 90 healthy controls for their study that used a PCR method to detect the expression levels of four epilepsy-related miRNAs (miR-106b, miR-146a, miR-194-5p, and miR-301a) in serum. Compared to the control group, serum miR-106b, miR-146a, and miR-301a were significantly upregulated in the epilepsy group, while miR-194-5p was significantly downregulated. In addition, serum miR-106b and miR-146a expression levels were positively correlated with the severity of epilepsy. The combined detection of these two miRNAs in serum had better sensitivity and specificity for the prediction of epilepsy (An et al., 2016).

miR-129-2-3p is upregulated in the temporal cortex and plasma of patients with refractory TLE (Sun Y. et al., 2016). With increasing epilepsy frequency, miR-129-2-3p expression levels are also upregulated, and the prognosis of patients with epilepsy is also poor. Therefore, plasma miR-129-2-3p may be used as a potential non-invasive biomarker for early detection and clinical prognosis evaluation for refractory TLE (Sun Y. et al., 2016). In contrast, miR-145-5p expression levels in plasma are significantly downregulated in patients with refractory TLE. This decreased expression is positively correlated with the age of onset and frequency of epilepsy (Shen et al., 2019). Sun J. et al. (2016) found that the expression levels of miR-30a, miR-378, miR-106b, and miR-15a in the serum of patients with epilepsy were upregulated compared to the levels observed during the inter-seizure period. Among these miRNAs, miR-30a was positively correlated with seizure frequency but had no significant correlation with sex, age, and medical history (Sun J. et al., 2016). miR-4521 is upregulated in the brain tissue and serum of refractory epilepsy patients. Serum miR-4521 levels may represent a potential diagnostic biomarker for FCD with refractory epilepsy (Wang X. et al., 2016). Another study with FCD patients found that the expression of miR-323a-5p was significantly elevated in the cortex and plasma of FCD patients with refractory epilepsy, suggesting that abnormal miR-323a-5p expression could be used to monitor treatment responses in patients with FCD (Che et al., 2017). Serum of miR-146a and miR-155 levels are also significantly upregulated in genetic generalized epilepsy patients. Martins-Ferreira et al. (2020) suggested that the combined serum levels of miR-132, miR-146a, and miR-155 could discriminate between genetic generalized epilepsy patients and controls with high specificity and sensitivity.

Some circulating miRNAs have been associated with drug-resistant epilepsy. Wang et al. (2015a) used Illumina HiSeq2000 sequencing technology to analyze the differential expression of serum miRNAs in 30 drug-resistant epilepsy patients and 30 drug-sensitive epilepsy patients. miR-301a-3p is the most valuable biomarker for the identification of drug-resistant epilepsy to date. Multiple regression analysis showed that downregulated miR-301a-3p expression represents a potential biomarker for the diagnosis of drug-resistant epilepsy, with a sensitivity of 81.5% and specificity of 81.2% (Wang et al., 2015a). Leontariti et al. (2020) demonstrated that miR-134 and miR-146a serum levels were elevated in patients with drug-resistant epilepsy. These levels represented a significantly higher risk of developing drug-resistant epilepsy.

So far, new biomarkers for the diagnosis of epilepsy are still being evaluated. The expression changes of various miRNAs identified by expression profiling of circulating miRNA have been confirmed in epilepsy patients (Antônio et al., 2019; Brennan et al., 2020). There is evidence that epilepsy is associated with the expression changes observed in the circulating miRNAs. The inclusion of more cases and consistent studies of circulating miRNA detection techniques could enhance the potential of using miRNAs as biomarkers for epilepsy.



miRNA-BASED THERAPEUTIC APPROACHES FOR EPILEPSY

With the continuous deepening of the research on the mechanism of miRNAs involved in epilepsy pathogenesis, the idea of miRNA-targeted intervention to prevent or delay the occurrence of epilepsy is valuable. Because a single miRNA can simultaneously regulate multiple pathways, targeting a single miRNA may affect many cell processes and, thus, be an effective intervention strategy following epileptogenic injury. Many preclinical studies have demonstrated the function of miRNAs and their potential to treat acute or chronic epilepsy. The path of clinical transformation has begun. So far, miRNA-based therapies have been well-tolerated and have yielded therapeutic effects in preclinical studies (Supplementary Table 2).

Vagus nerve stimulation (VNS) has proven to be a safe and effective treatment for refractory epilepsy. This procedure could activate neuronal and astrocyte a7nAchR and inhibit the apoptotic and oxidant stress responses. Jiang et al. (2015) suggested that miR-210 plays an important role in the antioxidant stress and anti-apoptosis responses induced by VNS, indicating that the miR-210 is a potential mediator of VNS-induced neuroprotection against I/R injury. miR-137 is an extremely rich miRNA in the central nervous system and is believed to be closely associated with synaptic plasticity. In the pilocarpin-induced epileptic mouse model, miR-137 overexpression induced by intrahippocampal injection of a specific Agomir prolonged the latency period of spontaneously recurring seizures and reduced the severity of epilepsy (Wang W. et al., 2018). miR-135a silencing in an experimental temporal lobe epilepsy model reduced seizure activity at the spontaneous recurrent seizure stage by regulating Mef2 proteins, which are key regulators of excitatory synapse density (Vangoor et al., 2019). By Nissl staining, miR-134 silencing significantly reduced the loss of CA3 pyramidal neurons and abnormal mossy fiber germination. In addition, EEG and behavioral analysis showed that miR-134 antagonists had a palliative effect on experimental epileptic seizures. These results suggested that silencing miR-134 regulated epileptic phenotypes by upregulating its target gene CREB (Gao et al., 2019).

Silencing miR-132 inhibited the aberrant formation of dendritic spines and chronic spontaneous seizures in a lithium-pilocarpine-induced epileptic mouse model (Yuan et al., 2016). Experiments with cultured epileptic neurons suggesting that miR-132 silencing exerted a neuroprotective effect through the miR-132/p250GAP/Cdc42 pathway (Yuan et al., 2016). miR-204 directly targets and downregulates TrkB protein in various diseases (Xiang et al., 2016). Xiang et al. (2016) suggested that miR-204 overexpression caused anti-epileptogenic effects by regulating TrkB and its downstream ERK1/2-CREB signaling pathway. Moreover, Zheng et al. (2016) demonstrated that miR-219 plays a crucial role in suppressing seizures in experimental epilepsy models via modulating the CaMKII/NMDA receptor pathway, and miR-219 supplementation may be a potential anabolic strategy for ameliorating epilepsy. Furthermore, Qi et al. (2020) found that miR-494 overexpression could repress RIPK1, which inactivates the NF-κB signaling pathway, acceleration of cell proliferation, and suppression of apoptosis in hippocampal neurons of epileptic rats, attenuating neuronal injury and epilepsy development.

In mouse models of epilepsy, attempts have been made to control epilepsy by regulating the expression of miR-146a. Tao et al. (2017) found that intranasal delivery of miR-146a mimics could improve epilepsy onset and hippocampal damage in the acute phase of lithium-pilocarpine-induced epilepsy by modulating the expression of inflammatory factors. Intracerebroventricular injection of miR-146a could also relieve epilepsy in an immature rat model of lithium-pilocarpine-induced status epilepticus (Wang X. et al., 2018).

In general, multiple miRNAs are potential therapeutic targets for the treatment of epilepsy; however, there are still some challenges to their clinical application. First, previous studies have mostly been performed only in a single model or species. Thus, the results may need to be verified in models representing different etiologies or in larger animals. Secondly, it is necessary to understand the mechanism of miRNA-targeted therapy. However, the establishment of these mechanisms is limited to a small number of studies, and the mechanisms have rarely been verified in vivo. Thirdly, the safety of oligonucleotides that target brain miRNAs needs to be extensively evaluated in preclinical studies.



CONCLUSION

Emerging studies have shown that miRNAs are key gene regulation factors in epilepsy pathogenesis. Indeed, miR-146a and miR-155 might be critical miRNAs involved in this disease. Expression differences of circulating miRNAs may be useful biomarkers for diagnosing, evaluating prognosis, and predicting treatment response. Differentially expressed miRNAs can be used to identify changes in the molecular structure and cellular pathways in epilepsy patients and represent possible treatment targets. However, the results of multiple studies on miRNA as biomarkers for epilepsy diagnosis need to be unified. Regulating pathological genes and interfering with other pathogenic mechanisms can produce therapeutic effects. Thus, the development of effective miRNA therapeutics holds great promise for potential therapeutic strategies for epilepsy.
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Spatiotemporal Correlation of Epileptiform Activity and Gene Expression in vitro
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Epileptiform activity alters gene expression in the central nervous system, a phenomenon that has been studied extensively in animal models. Here, we asked whether also in vitro models of seizures are in principle suitable to investigate changes in gene expression due to epileptiform activity and tested this hypothesis mainly in rodent and additionally in some human brain slices. We focused on three genes relevant for seizures and epilepsy: FOS proto-oncogene (c-Fos), inducible cAMP early repressor (Icer) and mammalian target of rapamycin (mTor). Seizure-like events (SLEs) were induced by 4-aminopyridine (4-AP) in rat entorhinal-hippocampal slices and by 4-AP/8 mM potassium in human temporal lobe slices obtained from surgical treatment of epilepsy. SLEs were monitored simultaneously by extracellular field potentials and intrinsic optical signals (IOS) for 1–4 h, mRNA expression was quantified by real time PCR. In rat slices, both duration of SLE exposure and SLE onset region were associated with increased expression of c-Fos and Icer while no such association was shown for mTor expression. Similar to rat slices, c-FOS induction in human tissue was increased in slices with epileptiform activity. Our results indicate that irrespective of limitations imposed by ex vivo conditions, in vitro models represent a suitable tool to investigate gene expression. Our finding is of relevance for the investigation of human tissue that can only be performed ex vivo. Specifically, it presents an important prerequisite for future studies on transcriptome-wide and cell-specific changes in human tissue with the goal to reveal novel candidates involved in the pathophysiology of epilepsy and possibly other CNS pathologies.
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INTRODUCTION

According to the World Health Organization, diseases of the central nervous system represent a major health risk for the world population (World Health Organization, 2006). To address this risk appropriately and to pursue new therapeutic options, it is critical to understand diverse and often complex molecular mechanisms leading to pathology. For decades, basic research in neurobiology together with disease-specific animal models served as a framework to understand fundamental mechanisms of neurological disorders. This effort led to many useful insights, however, the translational and predictive value of animal models has remained limited (Löscher, 2017). In recent years, this gap between animal models and clinical application has received increasing attention. Consequently, more effort has been put into models that reflect the clinical setting more closely and into novel strategies to increase reproducibility in basic research, aiming for improvement of translation (Bauer et al., 2017).

One of the possibilities to bridge differences between animal models and clinical neurology is to use human tissue-derived ex vivo models and to investigate functional disease mechanisms in a species-specific manner. So far, the approaches include the use of resected specimen from brain surgery procedures, investigation of post mortem tissue (Verwer et al., 2002) and the recently evolving field of brain organoids (Di Lullo and Kriegstein, 2017). With the exception of brain organoids, functional investigation of human-derived CNS tissue is constrained by the naturally limited life span of ex vivo samples. The recent development of organotypic cultures is a promising advance to overcome this conundrum, however, as of now it still poses challenges associated with low reproducibility and large protocol variety (Jones et al., 2016). According to a recent study on disease burden (GBD 2015 Neurological Disorders Collaborator Group, 2017), epilepsy constitutes one of the most common neurological diseases with a prevalence between 0.5 and 1.0% in the developed world (Fiest et al., 2017). Up to one third of individuals afflicted with epilepsy suffer from pharmacoresistance (Chen et al., 2018). Although numerous in vivo and in vitro animal models established throughout the years increased our knowledge about disease mechanisms, many questions including how to address pharmacoresistance remain unanswered (Becker, 2018). Recent technological advances in the field of transcriptomics and single cell analysis (Becker et al., 2002; Guelfi et al., 2019) made it possible to discover novel disease-specific genetic alterations in epilepsy. Importantly, these findings include not only monogenetic mutations as singular causative factors. Also, seizure-related modulation of gene expression and gene editing as well as epigenetic modulation during epileptogenesis have been reported (Kobow and Blümcke, 2018).

Modulation of gene expression is mostly studied in vivo. However, for obvious reasons such approach is not possible in human tissue – in this case only ex vivo studies on resected tissue would be possible. To our knowledge, it is not known whether or to what degree in vitro models can recapitulate changes in gene expression observed under in vivo conditions. Here, in a proof-of-principle study, we aimed to assess the general, species-independent suitability of in vitro models of acute seizures to investigate changes in gene expression due to epileptiform activity. In a first step in that direction, we aimed to test our hypothesis mainly in rat tissue, for which modulation of gene expression due to epileptiform activity has been studied in vivo before. In addition, we extended our studies to some human slices. We focused on three genes relevant for seizures and epilepsy: FOS proto-oncogene (c-Fos), inducible cAMP early repressor (Icer), and mammalian target of rapamycin (mTor). Expression of these genes and/or the involved pathways has been described before to be positively modulated by seizure activity and, in case of Icer and mTor, also to be involved in epileptogenesis (Lund et al., 2008; Porter et al., 2008; Szyndler et al., 2009; Zeng et al., 2009; Huang et al., 2010; Barros et al., 2015).



MATERIALS AND METHODS


Rat Slice Preparation

All animal procedures were conducted according to the German Animal Welfare Act as well as the European Directive 2010/63/EU for animal experiments and were approved by the Institutional Animal Welfare Officer and the responsible local authority (Landesamt für Gesundheit und Soziales, Berlin, Germany, T0336/12). Institutional security procedures were followed. Experiments were performed using combined hippocampal-entorhinal cortex (EC) slices from rats as previously reported (Heuzeroth et al., 2019) with some modifications. The study design is represented in Figure 1. Briefly, adult male Wistar-Han rats (220–240 g) were deeply anesthetized by inhalation of isoflurane (4% in 100% O2) and then decapitated. Their brains were rapidly removed and placed into ice-cold N-methyl-D-glucamine (NMDG) containing artificial cerebrospinal fluid (NMDG-aCSF) (Ting et al., 2014). Equimolar replacement of sodium by NMDG leads to decreased permeation of ions via neuronal membranes and subsequent reduced cell swelling (Hille, 1971). Carbogenated NMDG-aCSF (95% O2, 5% CO2) contained (in mM): NMDG (93), KCl (2.5), NaH2PO4 (1.2), NaHCO3 (30), MgSO4 (10), CaCl2 (0.5), glucose (25), HEPES (20), sodium l-ascorbate (5), thiourea (2), and sodium pyruvate (3). Horizontal slices (400 μm) enclosing the hippocampal formation (H), the entorhinal cortex (EC), and adjacent parts of the temporal cortex (TC) were cut using a vibratome (Vibroslicer VT1200S, Leica, Wetzlar, Germany). From each rat brain, 15 slices were collected and assigned in an alternating manner to three groups, five slices each: (1) basal group to determine initial gene expression; (2) control group to investigate effects of slicing and storage; and (3) intervention group in which epileptiform activity was induced. Slices of the control and intervention group were individually placed in an interface chamber and continuously perfused (1.5–2.0 ml/min) with prewarmed (35°C) and carbogenated aCSF (95% O2, 5% CO2, pH 7.4), containing (in mM): NaCl (129), KCl (3), NaH2PO4 (1.25), NaHCO3 (21), MgSO4 (1.8), CaCl2 (1.6), and glucose (10). During storage and experiments, warmed, humified carbogen was directed over the slice surface. All slices were allowed to recover 1.5 h after preparation. In the intervention group, seizure-like events (SLEs) were induced by 100 μM 4-aminopyridine (4-AP, Sigma, Munich, Germany), which non-selectively blocks voltage-dependent potassium channels, augments presynaptic calcium influx (Mathie et al., 1998) and enhances synaptic transmission (Perreault and Avoli, 1991). In vitro addition of 4-AP to aCSF results in long lasting ictal-like discharges considered as correspondent to focal to bilateral seizures in vivo (Avoli et al., 2002). The intervention group was treated with 4-AP for either 1, 2, 3, or 4 h, while the control slices remained in aCSF for the same amount of time. This procedure was performed with 20 rats in total and five rats were assigned to each treatment duration.
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FIGURE 1. Study design for rat tissue. (A) Chronological sequence of each experiment: rat brain preparation; allocation of 15 horizontal slices to three different groups (basal, control and intervention); recovery of 10 slices (control and intervention group) for 1.5 h in an interface chamber with incubation in carbogenated aCSF (95% O2, 5% CO2, pH 7.4); induction of epileptiform activity by 100 μM 4-AP in five slices (intervention group) and recording of field potentials as well as intrinsic optical signals; five control slices in aCSF for same amount of time; microdissection of slices into hippocampus (H), entorhinal cortex (EC), and temporal cortex (TC) and subsequent cell lysis of pooled tissue in TRIzol before RT-qPCR. (B) Procedure was performed with 20 rats in total; five rats were assigned to each 4-AP treatment duration of 1, 2, 3, or 4 h.




Human Slice Preparation

Brain temporal lobe tissue was obtained from surgical treatment of epilepsy in five female donor patients (age at resection: 21–58 years) diagnosed with mesial temporal lobe epilepsy (mTLE). The experimental protocol was approved by the local Ethics Committee (EA2/111/14) in agreement with the Declaration of Helsinki. Written informed consent was given by all patients before surgery. Cortex specimens were collected in the operating room, immediately immersed in cold (∼4°C) carbogenated NMDG-aCSF (95% O2, 5% CO2). The same solution was used for transportation and tissue processing, which took in total up to 2 h. 400 μm-thick slices were then sectioned and assigned as basal, control and intervention as described above. Before start of experiments, slices recovered in standard aCSF for 5 h. After the stabilization period, on average three slices per patient were further incubated for the duration of 4 h in standard aCSF (control) or with aCSF containing 8 mM potassium and 100 μM 4-AP (pH 7.4) (intervention) to examine the effects of slicing and storage and epileptiform activity on gene expression, respectively. In human brain slices, the application of neither 4-AP alone nor 10 or 12 mM potassium is sufficient to induce epileptiform activity (Gabriel et al., 2004). Therefore, SLEs were evoked by applying a combination of high potassium (8 mM) and 4-AP (100 μM), while adjusting the increased osmolarity of aCSF by lowering the concentration of NaCl from 129 to 124 mM (Kraus et al., 2019).



Electrophysiological and Optical Recordings

Epileptiform activity was monitored by local field potential recordings in 20 selected slices of the intervention group (one slice per rat and three slices per human sample). To control for the influence of the slice position, rat slices were classified to different locations along the dorsoventral axis defined as ventral (−7.6 to −6.8 mm ventrally from bregma), medial (−6.4 to −5.6 mm), and dorsal (−5.2 to −4.4 mm) (see also Paxinos and Watson, 1998). Extracellular field potentials were measured with glass electrodes (filled with 150 mM NaCl, electrode resistance 1–2 MΩ). In rats, one electrode was placed in layer IV or V of the lateral EC, the second electrode was positioned in the stratum pyramidale of the hippocampal CA1 region. In human tissue, SLEs were recorded for at least 40 min with one electrode placed on the superficial cortical layers of human slices (layers II/III, 200–700 μm from pial surface) (Köhling and Avoli, 2006). Electrophysiological signals were acquired with a custom-made amplifier (10×) connected to an A/D interface (Micro 1401 mk II, Cambridge Electronic Design Limited, Cambridge, United Kingdom). Data were recorded with Spike2 and Signal (versions 7.00 and 3.07, respectively, Cambridge Electronic Design Limited, Cambridge, United Kingdom) and analyzed using custom-written algorithms in MATLAB (R2014b, MathWorks, Natick, MA, United States). SLEs were identified using the following criteria: (1) field potential decrease > 0.3 mV, (2) duration of field potential shift > 10 s and (3) superimposition by ripple-like discharges during negative field potential shift.

Intrinsic optical imaging was employed in each electrophysiologically recorded slice according to previous reports (Weissinger et al., 2017). In brief, slices were positioned on a transparent membrane (0.4 μm Millicell culture plate inserts, Millipore, Bedford MA, United States) and homogeneously illuminated from below by a halogen cold light source (KL 1500, Schott, Wiesbaden, Germany) and a curved glass rod (Ø 8 mm). Images were received using an upright binocular microscope (MS 5, Leica, Bensheim, Germany) with a 4× objective, a monocular phototube (Leica, Bensheim, Germany) and a CCD camera (8 bit, Sanyo, Osaka, Japan). In-house macros for ImageJ 1.51m9 (Wayne Rasband National Institutes of Health, United States) and MATLAB software were applied for the processing of the images. 8-bit video signals were converted at a 10 MHz ratio into 320 × 240-pixel images employing a frame-grabber board (pciGrabber-4plus, Phytec, Mainz, Germany). Images were only saved when triggered by the experimenter in case ictal activity became apparent in the electrophysiological recording. Using a circular data buffer, the first image was captured 5–10 s before the onset of the SLE, the recording continued for 50–180 s depending on the duration of the electrophysiologically recorded ictal event. The time course of light transmittance was calculated for each SLE as difference in light transmittance (ΔT) between a given image and the control image (mean of the first 20 images in each series recorded before start of ictal activity), and expressed as percentage of the control image transmittance (ΔT/T). During ictal events, ΔT/T typically ranged from 1.0 to 7.5% whereas background noise never exceeded 1.0%. The amplitude during SLEs is expressed as max(ΔT/T). Optical imaging also enabled us to detect spreading depolarizations (SDs) associated with decreased light transmittance (Müller and Somjen, 1999). In regions displaying SD, ΔT/T decreased in the range of −1.0 to −9.2%. Changes of light transmittance over time provided insight into onset, direction and evolution of both ictal activity and SDs in the entire slice. Using squared regions of interests (ROI) sized 20 × 20 pixels each, the optical signal was quantified separately for the anatomical regions (H, EC, and TC) assigned to later gene expression analysis. Optical signals were considered significantly associated with a SLE when the increase of light transmittance was above a threshold of >1.0% and with a SD when the decrease of light transmittance was <−1.0%. The onset of SLE activity was determined by the first region where transmittance increase above threshold was observed. For calculation of the SLE area, every pixel within a given anatomical region that reached at least 1% ΔT/T in > 9 subsequent images during one SLE was considered to be involved in this SLE. The SLE area was calculated for each region separately and expressed as percentage of the total area for a given anatomical region.



RNA Extraction and Reverse Transcription

All investigated rat slices were microdissected into H, EC and TC in order to separately quantify mRNA levels within these brain areas. In human cortical slices, microdissection was aimed to separate the seizure onset region (named “onset site” group) determined by electrophysiology and optical imaging from the rest of the slice (named “rest” group). Basal slices were snap frozen in liquid nitrogen and stored at −80°C immediately after preparation while slices from the intervention and control groups were frozen immediately after the assigned experimental time period (1–4 h in rat and 4 h in human slices). To obtain sufficient amounts of mRNA, tissue from different slices within one experiment but the same anatomical region and group was pooled. Pooled tissue was lyzed in 1 ml TRIzol (Invitrogen AG, Carlsbad, United States). Tissue homogenization and cell lysis were facilitated by highspeed shaking (50 Hz) with stainless steel beads for 10 min (TissueLyser LT, Qiagen N.V., Venlo, Netherlands). Based on the acid guanudinium thiocyanate-phenol-chloroform extraction method, chloroform (200 μl) was added to the sample to isolate RNA (Chomczynski and Sacchi, 1987). Phase separation was conducted by centrifugation (15 min at 12,000 × g and 4°C) and subsequent precipitation of RNA by incubation with 500 μl isopropanol for 10 min and 3.5 μl Recombinant RNasin Ribonuclease Inhibitor (Promega, Fitchburg, WI, United States) resuspended RNA in 25.0 μl nuclease-free water. Additional RNA purification was accomplished by refilling the remaining volume to 200 μl and adding an equal volume of Roti-Phenol/Chloroform/Isoamyl alcohol (Carl Roth, Karlsruhe, Germany). Following short-time centrifugation (5 min), the RNA containing aqueous phase was treated with 200 μl chloroform to remove residual phenol from the solution. RNA was then recovered by overnight precipitation with 550 μl ethanol (96%) and 6 μl ammonium acetate (10 M) at −20°C and dissolved in 16 μl nuclease-free water. Concentration of total RNA was determined by measuring the optical density at 260 nm with NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, United States) and ranged from 143.5 to 738.5 ng/μl per rat sample and from 71.4 to 2,224.2 ng/μl per human sample. Purity was checked using the 260/230 nm as well as the 260/280 nm ratios (accepted values > 1.8). First strand cDNA synthesis was carried out using moloney murine leukemia virus reverse transcriptase (M-MLV RT, Promega, Fitchburg, WI, United States) according to the manufacturer’s instructions with several modifications. In brief, a mixture of 15.0 μl diluted, purified RNA (2.0 μg for rat sample, 0.5 μg for human sample), 1.5 μl random hexamers (100 μM, Roche, Basel, Switzerland) and 1.5 μl dNTPs (10 mM each, Roche, Basel, Switzerland) was incubated at 65°C for 5 min. The mixture was then assembled with a prepared reaction volume, consisting of: 2.0 μl M-MLV-RT (200 U/μl), 5.0 μl M-MLV RT Reaction Buffer (Promega, Fitchburg, WI, United States), 0.5 μl Recombinant RNasin Ribonuclease Inhibitor (40 U/μl) and 0.5 μl DTT (100 mM, Promega, Fitchburg, WI, United States). Reverse transcription mixture was successively incubated as follows: 5 min at 21°C, 60 min at 37°C, 15 min at 70°C. To assess genomic DNA contamination in the RNA preparation, a minus RT-control was included in each quantitative reverse transcription PCR (RT-qPCR) experiment. cDNA samples were stored at −20°C until further analysis.



Primer Design and Efficiency

Quantitative PCR (qPCR) primer design was based on mRNA sequences from the RefSeq database1. Specificity was verified using the Primer-BLAST program2. Primers were synthesized by EUROFINS genomics (Ebersberg, Germany). In addition to electrophoresis in 1% agarose gel, PCR products were also verified by sanger sequencing (EUROFINS). In case of rat c-Fos, sequences were adapted from published data (Barros et al., 2015), while in case of the human c-FOS, the primer pair was designed de novo using Primer-Blast. The Icer primers amplificated two of three possible transcript variants of CREM (2, 5). The optimal annealing temperature, the amplification efficiency and R2 of the standard curve were determined for each primer pair (Table 1) and calculated as follow. PCR efficiency of each primer pair was evaluated by performing a dilution series of the target assay and standard curve analysis of the Cq data points using MS excel. The slope of the standard curve (E = [10(–1/m)] − 1 with E = amplification efficiency, m = slope) was used to calculate the amplification efficiency, which ranged from 0.88 to 1.


TABLE 1. Genes and corresponding oligonucleotide primer sequences for qPCR.
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NormFinder Analysis

The NormFinder algorithm was used to assess expression stability in a set of candidate genes and to identify the most suitable reference gene for RT-qPCR analysis (Andersen et al., 2004). For rat tissue, five candidate reference genes were selected based on literature: beta-actin (Actb), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein (Ywhaz), hypoxanthine phosphoribosyltransferase 1 (Hprt1), receptor expression-enhancing protein 5 (Reep5), and TATA box binding protein (Tbp) (Sadangi et al., 2017). NormFinder analysis was separately performed for the three anatomical ROI (H, EC, and TC). To consider all experimental conditions, gene expression was determined in two independent samples of the following nine groups: basal; control 1, 2, 3, and 4 h; 4-AP 1, 2, 3, and 4 h. For human tissue, three candidate genes were selected: ACTB, TBP and ribosomal protein L13A (RPL13A) (Vandesompele et al., 2002; Rydbirk et al., 2016). NormFinder analysis was performed considering all four experimental conditions and examined in two independent samples of the following groups: basal, control, onset site and rest. NormFinder MS Excel application was used to calculate both the intra- and intergroup variation expressed as standard deviation. Candidate genes with a standard deviation > 0.25 were excluded from the subsequent determination of gene stability value, the remaining candidate genes were ranked according to their gene stability value with increasing values implying less stability.



Quantitative PCR

Quantitative PCR was conducted using the LightCycler 480 II (Roche Diagnostics International AG, Rotkreuz, Switzerland). The reaction assay contained 10 μl LightCycler 480 SYBR Green I Master (Roche Diagnostics International AG, Rotkreuz, Switzerland), 1 μl of forward and reverse primers (0.5 μM each), 1 μl of template cDNA and was diluted by 8 μl H2O to a final volume of 20 μl. In the case of primer pairs of the human genes, the quantities of forward and reverse primers were lowered to 0.6 μl (0.3 μM each) for c-FOS and 0.4 μl (0.2 μM each) for ACTB and RPL13A, in order to improve their amplification efficiency. All assays included a minus RT-control to verify previous DNase digestion as well as a negative control without cDNA (NTC), to reveal any non-specific amplification, and were replicated twice. Each PCR reaction was pre-incubated at 95°C for 10 min followed by 45 amplification cycles with the following sequence: melting at 95°C for 5 s, annealing at a primer specific temperature for 10 s, elongation at 72°C for 15 s and quantification at a primer specific temperature for 1 s. After the amplification, melt curve analysis was run with the following sequence: denaturation at 95°C for 30 s, annealing at 70°C for 30 s, followed by the acquisition increasing the temperature to 95°C at a transition rate of 0.11°C/s in continuous mode. Relative quantification of mRNA levels was done using the efficiency-adjusted “delta-delta Ct method” (Pfaffl, 2001). According to this approach, we calculated fold induction of our selected genes relative to basal gene expression:
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with GOI = gene of interest, RG = reference gene, E = amplification efficiency, Cq = quantification cycle, x = individual Cq of gene of interest, y = individual Cq of reference gene.

To determine the actual effect of 4-AP induced epileptiform activity on gene expression, the ratio of 4-AP to control was calculated.



Cell Death Assay

To evaluate the spatiotemporal profile of slice viability, we performed fluorescent staining with propidium iodide (PI), an indicator of cell death (Buskila et al., 2014). 41 brain slices were taken from three rats and alternatingly assigned to the following groups: basal, control 1 h, control 4 h, 4-AP 1 h and 4-AP 4 h. At the end of each experiment, slices were exposed to PI (1 μg/ml) in carbogenated aCSF for 1 h. In 4-AP treated slices, 4-AP (100 μM) was also added to the staining solution. Following PI staining, slices were fixed by paraformaldehyde (4%) in phosphate buffered saline (0.2 M) for 30 min and subsequently incubated in DAPI (2 μg/ml) for 10 min. Images were acquired using an inverted confocal microscope (LSM 700, Zeiss, Oberkochen, Germany) at 20× magnification. DAPI signals were obtained at 470 nm by laser excitation at 405 nm, while PI signals were measured at 617 nm upon excitation at 555 nm. Z plane image stacks were acquired at intervals of 2.47 μm beginning at the surface up to 40–50 mm depth. Images were visualized using ZEN software and processed using ImageJ 1.51m9. DAPI and PI/DAPI positive cells were counted in the somata containing areas of the hippocampal formation (st. granulosum of dentate gyrus, st. pyramidale of CA3, CA1 and subiculum) and two cortical depths (layer I–III and layer IV–VI of the EC and TC, respectively) in a visual field sized 500 × 300 μm. Slice viability was assessed as the ratio between PI positive and DAPI positive (dead/total) cells for each investigated region.



Data Analysis and Statistics

Raw image data were analyzed with ImageJ 1.51m9, MATLAB and MS Excel. Statistical analysis and processing of graphs were performed using GraphPad Prism 5 or 7 (GraphPad Software, La Jolla, CA, United States). All data were first tested for normality distribution with D’Agostino and Pearson omnibus normality test. If the evaluation of normality was not possible due to too small sample size, Kruskal–Wallis non-parametric test was used. To assess statistical significance between groups, continuous variables were examined using ordinary one-way ANOVA with multiple comparisons (normally distributed data) or Kruskal–Wallis test (non-normally distributed data or small sample size) and post-hoc Tukey’s or Dunnett’s multiple comparison of individual groups. Values of p < 0.05 were considered statistically significant. All data analyzed by parametric tests are expressed as mean ± standard deviation while data analyzed by non-parametric tests are shown as median ± interquartile range. OmniGraffle 7 (The Omni Group, Seattle, WA, United States) was used as graphical software to process images.



RESULTS


Properties of 4-AP Induced SLEs in Acute Rat Brain Slices

Epileptiform activity due to 4-AP treatment was induced in 100 rat slices (five slices per animal). Local field potentials were recorded in 20 selected slices and yielded 572 SLEs. In the lateral EC, SLE activity started on average 18.0 min (±7.5 min) after 4-AP onset and maintained a stable frequency throughout the entire 4 h incubation period. SLEs displayed the following electrophysiological properties: incidence median 0.24 ± 0.09/min in EC and 0.22 ± 0.05/min in CA1; amplitude median 0.81 ± 0.52 mV in EC and 0.62 ± 0.29 mV in CA1; duration median 50.54 ± 28.39 s in EC and 51.88 ± 40.31 s in CA1 (Figure 2). SLE activity never occurred in slices incubated in standard aCSF. In five ventral slices with respect to the dorsoventral axis, the 4-AP induced activity differed such that no separate SLE but rather a persistent epileptiform activity was observed in the course of the experiment (Supplementary Figure 1). These slices were excluded from further electrophysiological analysis. Simultaneous to electrophysiological recordings, the spatiotemporal evolution of SLEs was monitored by IOS within the entire slice (Figure 3A). Each SLE was assessed for onset and propagation region, respectively. SLE onset in the TC was observed in 61.1% of SLEs followed by 27.4% in the EC and 0.0% in the H (median numbers). In addition to single regions, 57 SLEs (10.0%) in 13 slices had a multiregional onset in anatomical regions distant from each other. The onset region was dependent on the slice origin with respect to the dorsoventral axis such that hippocampal onset almost exclusively occurred in ventral slices while TC and EC onset was more frequent in medial and dorsal slices. Regarding propagation, 49 SLEs (8.6%) in nine slices stayed limited to the onset region while the remaining (>90%) SLEs propagated at least to one neighboring region. The vast majority of SLEs propagated within neocortical regions and invaded hippocampal structures only to a minor degree (6.7%), and, similar to onset, mainly in ventral slices. Propagation to the TC and EC was frequently observed in dorsal and medial slices, respectively. SLE extent assessed by comparing the affected area with the total size of a given region revealed the largest expansion of epileptiform activity in the TC (68.8%) followed by the EC (68.1%). In line with the low rate of onset and propagation, expansion of SLEs within the hippocampus was low (34.0%) and involved in most of the cases the subiculum as previously reported (Heuzeroth et al., 2019). All SLEs were associated with an increase in light transmittance with the maximum in the TC (ΔT/T = 2.94%) followed by the EC (ΔT/T = 2.23%) and the H (ΔT/T = 1.98%). Summary of optical results is given in Figures 3B–G. Overall, the TC stood out such that it presented as the most frequent onset region, displayed the largest intraregional expansion and showed the maximal increase of light transmittance.
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FIGURE 2. Electrophysiological recordings in rat slices. (A) Schematic drawing of a combined hippocampal-entorhinal cortex slice with localization of two extracellular recording electrodes in layer IV/V of the lateral EC and stratum pyramidale of the hippocampal CA1 region, respectively. TC = temporal cortex, LEnt = lateral entorhinal cortex, MEnt = medial entorhinal cortex, S = subiculum, CA1–3 = hippocampal cornu ammonis, DG = dentate gyrus. (B) Exemplary trace of local field potentials in the EC during a 4 h experiment with stable occuring seizure-like events (SLEs). Single SLE marked in rectangle with enlarged presentation below. Monomorphic configuration of SLE with an initial sharp transient superimposed by a tonic and then clonic-like phase. (C) Representative recording of simultaneous interictal spikes in hippocampal CA1 during the same experimental period, enlarged depiction in the lower trace. (D–F) SLE properties in the EC remain stable as demonstrated by similar frequency (D), amplitude (E), and duration (F) for each treatment duration in a total number of n = 20 slices (five slices for each 4-AP treatment duration of 1, 2, 3, or 4 h). Scatter plots represent individual recordings for 4-AP treatment duration of 1–4 h, superimposed boxes show median ± interquartile range.
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FIGURE 3. Intrinsic optical imaging (IOS) in rat slices. (A) Color-coded SLE amplitude (ΔT/T) over time during an exemplary SLE generated in the temporal cortex and propagating to the entorhinal cortex without further invading the hippocampal formation. Characteristics of SLEs (B–E) and spreading depolarizations (SDs) (H–J) measured by IOS in n = 20 slices (five slices for each 4-AP treatment duration of 1, 2, 3, or 4 h), scatter plots represent means of individually recorded slices, superimposed boxes show median ± interquartile range (*p < 0.05, ***p < 0.001). (F–G) SLE origin is influenced by the anatomical slice origin (dorsoventral axis) separated in ventral (−7.6 to −6.8 mm ventrally from bregma), medial (−6.4 to −5.6 mm) and dorsal (−5.2 to −4.4 mm) regions.




Spreading Depolarizations

Increasing excitability not only decreases the threshold for SLEs but also for spreading depolarizations (SDs) that reflect a propagation of neuronal silencing due to loss of ion homeostasis and a depolarization block (Dreier, 2011). Electrophysiologically, SDs are distinguished from SLEs by their massive amplitude, duration > 1 min and subsequent block of interictal activity. 16.5% of SLEs were associated with simultaneous SDs. No preferred region of SD occurrence could be detected (median numbers, Figure 3H). The relative SD expansion within a given anatomical region was smaller than SLE expansion and showed no significant interregional difference (Figure 3I). In IOS recordings, SDs led to a marked decrease of light transmittance which was pronounced in the TC (ΔT/T = −1.77%) followed by EC (ΔT/T = −1.27%) and H (ΔT/T = −1.19%) (Figure 3J).



Cell Death Assay

Neuronal activity in acute brain slices can be recorded up to 8 h after slice preparation. Within this time frame, occurrence of cell death with impact on gene expression and neuronal activity is likely (Buskila et al., 2014) and needs to be considered. To assess the impact of cell death on our results, we performed combined PI and DAPI staining in acute brain slices stored for different time periods. In all investigated brain regions, cell death increased time-dependently under 4-AP treatment as well as control conditions (Figure 4): In basal slices not subjected to storage, the rate of cell death ranged between 3.4% (±8.8%) in the superficial TC layers and 11.6% (±4.5%) in the dentate gyrus. Upon incubation for 4 h (5.5 h when including recovery), the extent of cell death markedly increased. In the hippocampus it varied between 14.8% (±5.4%) in subiculum and 39.0% (±17.1%) in dentate gyrus. In neocortical regions, incubation increased the rate of cell death in deep as well as superficial layers (layer I-III: 15.9% in EC; 9.7% in TC, layer IV-VI: 24.9% in EC; 25.5% in TC). No differences were observed when comparing 4-AP treatment and control, suggesting that 4-AP and the associated epileptiform activity do not increase processes leading to cell death. 4-AP treatment even tended to reduce the cell death rate within the 4 h intervention period when compared to time-matched controls.
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FIGURE 4. Cell death assay for rat slices. (A) Schematic depiction of a rat slice with eight visual fields (500 × 300 μm) in which cells were counted: two layers of each entorhinal (EC1 and EC2) and temporal cortex (TC1 and TC2) as well as subiculum (S), CA1, C3 and dentate gyrus (DG). (B) Exemplary images acquired by an inverted confocal microscope (20× magnification, merged Z plane image stack), left: DAPI staining (2 μg/ml), in center: PI staining (1 μg/ml), right: merged. Scale bar 100 μm. (C) Slice viability measured as ratio of PI (dead) and DAPI (total) positive cells in n = 41 slices (9 × basal, 8 × control 1 h, 8 × control 4 h, 8 × 4-AP 1 h, 8 × 4-AP 4 h). Scatter plots represent PI/DAPI-Ratio of individually stained slices, superimposed boxes show median ± interquartile range (*p < 0.05, **p < 0.01, ***p < 0.001).




Reference Gene Identification

To identify a reference gene not dependent on neuronal activity or storage duration, we compared Actb, Ywhaz, Hprt1, Reep5, and Tbp. Cq variability did not differ across investigated regions (H: 19.1–32.8; EC: 19.5–29.8; TC: 19.6–31.5) (Supplementary Figure 2A). In all investigated regions, Actb was the most abundantly expressed gene and Tbp showed the lowest gene expression (Supplementary Figure 2B). In order to obtain a more robust stability ranking, the NormFinder algorithm was applied to calculate the gene stability value M based on standard deviation expressed intra- and intergroup variation (Andersen et al., 2004). Reference genes with standard deviation > 0.25 (Reep5 in H and Tbp in TC) were excluded. Among the remaining candidates, Ywhaz turned out to be the most stably expressed gene across all groups (stability value M: H 0.069; EC 0.09; TC 0.071) (Supplementary Figure 2C) and was therefore used as the reference gene for qPCR in the following experiments.



Gene Expression Analysis

Investigation of activity-dependent gene expression in rat brain slices was performed for the genes c-Fos, Icer, and mTor referenced to Ywhaz expression as stated above. In basal slices immediately processed after the slice procedure, relative c-Fos expression varied between regions with the lowest expression in the H and the highest expression in the TC (median c-Fos/Ywhaz: H = 0.0033, EC = 0.0080, TC = 0.0134). Basal c-Fos mRNA levels were positively correlated with the duration of the brain slice preparation (Supplementary Figure 3). In comparison to basal values, incubation in aCSF markedly increased c-Fos gene expression. This increase was strongest after 1 h of incubation (corresponding to 2.5 h when including recovery) and most distinctive in the H (median fold induction of 69.5 relative to basal) followed by the EC (median fold increase of 20.1) and the TC (median fold increase of 7.8). Compared to 1 h, incubation for longer intervals (2–4 h or 3.5–5.5 h including recovery) resulted in weaker c-Fos expression which was negatively correlated with incubation time (Figure 5). In 4-AP treated slices, a similar time course of c-Fos expression with the strongest increase after 1 h of incubation and subsequent decrease was observed. Strikingly, when comparing c-Fos expression in 4-AP treated slices to time-matched controls, c-Fos expression was consistently higher in the intervention group (Figure 5). Correlation of the duration of intervention and c-Fos expression revealed a time-dependent increase of c-Fos mRNA that largely differed across examined brain regions (Figure 6A). In the hippocampus, 4-AP treatment increased c-Fos mRNA levels only marginally with a (non-significant) slope of 0.19 while significant slopes of 0.64 (p < 0.05) and 2.18 (p < 0.01) were observed in the EC and TC, respectively. The spatiotemporal pattern of Icer expression was similar to c-Fos but showed a weaker increase. In all investigated regions of basal slices, Icer mRNA levels were low when compared to c-Fos mRNA (median Icer/Ywhaz H = 0.0002, EC = 0.0003, TC = 0.0003). Reflecting the effect of slice preparation and storage, Icer gene expression was also induced in control slices. In contrast to c-Fos, the strongest increase of Icer mRNA levels was observed in control slices incubated in aCSF for 3 h (median fold induction relative to basal: H 15.1; EC 15.0; TC 6.3) (Supplementary Figures 4A–C). Comparing Icer expression between 4-AP and control, slices revealed a region and time-dependent increase of Icer mRNA in 4-AP treated slices (Figure 6B): while in the H and the EC, 4-AP treatment had only a marginal effect, it clearly induced an increase in Icer expression in the TC with a significant slope of 0.41 (p-value 0.0271). In basal slices, mTor mRNA did not largely differ between the investigated regions (median mTor/Ywhaz H = 0.0137, EC = 0.0151, TC = 0.0145). Interestingly, in all investigated regions, a weak, time-dependent decrease of mTor expression in both control and 4-AP treated slices was observed. In the EC and TC, the decrease of mTor mRNA levels got significant in 4-AP treated slices after 4 h (Supplementary Figures 4D–F). Compared to time-matched control slices, 4-AP induced epileptiform activity did not show any effect on mTor gene expression.
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FIGURE 5. Activity and time dependent c-Fos gene expression in rat slices. Induction of c-Fos mRNA relative to basal gene expression in (A) Hippocampus, (B) Entorhinal cortex, and (C) Temporal cortex, respectively. All investigated conditions are represented: control slices (control), 4-AP treated slices (4-AP) with experimental duration of 1, 2, 3 or 4 h. For relative quantification in RT-qPCR, Ywhaz was used as reference gene. Scatter plots show means of individual rats (n = 20) since tissue was pooled before RT-qPCR, superimposed lines represent median ± interquartile range (*p < 0.05, ***p < 0.001).
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FIGURE 6. Spatiotemporal correlation of epileptiform activity and gene expression in rat slices. Summary of results from rat slices demonstrating spatial and temporal dependence of c-Fos and Icer expression. (A,B) Scatter plots show means of mRNA expression ratios of 4-AP vs. control from individual rats (n = 20) and different incubation intervals for hippocampus (H), entorhinal cortex (EC), and temporal cortex (TC), respectively. Regression lines show significant temporal correlation between 4-AP exposure and c-Fos (A) or Icer expression (B). (C–E) Spatial dependence of gene expression following 4-AP treatment duration of 4 h (n = 5) shown by spatial parameters such as rate of SLE onset (C), SLE expansion within anatomical region (D) as well as SLE amplitude (E). Note that data in C-E are presented as median and do not sum up to 100%.


So far, our data demonstrated that gene expression of all examined genes depends on the duration of storage and in case of c-Fos and Icer additionally to the chosen condition (control/intervention). Gene expression was also associated with the pattern of epileptiform activity: in case of c-Fos, the 4-AP induced increase of gene expression and the rate of SLE onset were positively correlated with highest values in the TC and lowest values in the H (Figure 6C). This positive correlation was also observed between c-Fos expression and the intraregional SLE expansion and the maximum increase of IOS intensity (Figures 6D–E). Similar effects could be confirmed for Icer (Figures 6C–E), albeit to a weaker extent. Naturally, no such correlation was observed for mTor that did not show changes in gene expression.



Gene Expression Analysis in Human Tissue

In human tissue, the NormFinder algorithm revealed RPL13A as the most stable gene (stability values M: RPL13A 0.068; ACTB 0.07; TBP 0.115) (Supplementary Figure 5) and therefore employed as reference gene for the following qPCR experiments. To identify the region of seizure onset in human slices, we likewise performed electrophysiological recordings combined with optical imaging (Figure 7A). During 4 h of application, SLEs (Figure 7B) were recorded for a minimum of 40 min to identify the seizure onset site. In a significant proportion of investigated slices, the onset site varied in the course of the experiment. In these slices, the area with the highest number of SLE onsets was assigned as the onset region and further processed. qPCR revealed that c-FOS expression increased both during 4 h storage in standard aCSF (control) and epileptogenic aCSF (intervention). Similar to rat slices, the relative increase of c-FOS in the intervention group was higher compared to control and basal conditions (Kruskal–Wallis test, p-value 0.0031; Dunnet’s post hoc test, Basal vs. Onset + Rest p-value < 0.01). Values from onset site and the remaining slice were pooled as no difference in c-FOS expression could be detected between these regions. As depicted in Figure 7C, in slices subjected to seizure-like activity, c-FOS expression was increased 26.1-fold relative to basal conditions. In contrast, control slices incubated with standard aCSF showed a median fold-increase of c-FOS expression of 15.7.
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FIGURE 7. Activity-dependent c-FOS expression in human slices. (A) Example of a typical IOS image of a SLE in a human cortex slice at 60 s after start. (B) Example of an electrophysiological trace showing a SLE recorded in human cortical layers II/III upon application of aCSF containing 8 mM potassium and 100 μM 4-AP. (C) Scatter plots showing c-FOS expression fold changes relative to basal condition. All data are normalized to the reference gene RPL13A and expressed as median ± interquartile range. c-FOS expression in slices displaying SLE activity is higher when compared to basal condition (**p < 0.01, n = 5).




DISCUSSION

In the present proof-of-principle study, we investigated the association between neuronal activity and gene expression in acute brain slice preparations, mainly from rodents. For the activity-dependent genes c-Fos and Icer, we found a positive spatiotemporal correlation between gene expression and epileptiform activity while no correlation was found for mTor. Increases induced by neuronal activity could be differentiated from increases inherent to slice preparation, temperature variations and incubation time. We were able to partly reproduce the results on c-Fos mRNA increase observed in rat slices in human brain slice preparations from epilepsy surgery.

The highest correlation between gene expression and epileptiform activity was observed in case of c-Fos, its expression is well established as a marker of neuronal activity (Willoughby et al., 1995; Mihály et al., 2001; Szyndler et al., 2009; Barros et al., 2015). As an immediate early gene within the family of inducible transcription factors, c-Fos is involved in regulating cellular responses including differentiation, plasticity and cell degeneration (Chiu et al., 1988; Pennypacker et al., 1994). Proconvulsant stimuli result in an increase of c-Fos mRNA as well as c-FOS protein in rat brains in vivo (Barros et al., 2015; Yang et al., 2019). A regional and persistent induction of c-FOS gene expression was also found in human epileptic neocortex regardless of the underlying pathology (Rakhade et al., 2005). So far, only little data exists about c-Fos induction in brain slices (Massamiri et al., 1994), and this work suffered from technical limitations as changes in c-Fos expression were assessed semiquantitatively using southern blots without accounting for differences between subregions and impact of exposure time.

With a weaker extent than c-Fos, SLE activity was also associated with increased Icer mRNA. Icer is a member of cAMP-dependent transcription factors (Crem = cAMP response element modulator). Electroconvulsive seizures in vivo increased Crem and Icer mRNA in rat brains with a maximum at 1 h after seizures and with a most prominent increase in the dentate gyrus and deep layers of cerebral cortex (Fitzgerald et al., 1996). In a different model using pilocarpine-induced status epilepticus in rats, Icer mRNA assessed in the dentate gyrus peaked at 6 h and declined to control levels after 1 week (Lund et al., 2008). Interestingly, phosphorylation of cAMP response element-binding protein (CREP) that is assumed to positively affect ICER gene expression was regionally increased in seizure onset zone of human neocortex measured following epilepsy surgery (Rakhade et al., 2005), suggesting that involvement of the CREM/ICER pathways is likely in the pathophysiology of human epilepsy. Several studies support the idea that activation of the ICER pathway upon seizures represents an adaptive mechanism aiming to reduce excess neuronal activity. Crem/Icer null mutant mice suffered from more frequent seizures following status epilepticus than their control littermates (Porter et al., 2008), and overexpression of Icer negatively regulated neuronal plasticity (Kojima et al., 2008). By revealing a positive correlation of Icer expression and epileptiform activity, we were able to reproduce these results in vitro specifically in the TC.

Finally, we investigated gene expression of mTOR, a member of a complex regulatory pathway modulating proliferation and neuronal activity. In patients with tuberous sclerosis complex suffering from severe and treatment-resistant epilepsy, the mTOR pathway is hyperactivated due to mutations in TSC1 and TSC2 genes (Overwater et al., 2019). In these patients, treatment with mTOR inhibitors such as everolimus reduced seizure frequency in up to 40% of individuals (French et al., 2016). Apart from tuberous sclerosis complex, the involvement of the mTor pathway in structural epilepsy was shown in several animal models (Huang et al., 2010; Zhang and Wong, 2012; Wang et al., 2018), including chronic models induced by kainate and pilocarpine. Importantly, the acute phase of mTor activation seems to be directly driven by epileptiform activity. Pentylenetetrazole (PTZ)-induced seizures caused a transient mTor activation in rat hippocampus and neocortex starting by 1 h and returning to baseline by 16 h after seizure onset (Zhang and Wong, 2012). Activation of the mTor pathway is believed to occur by protein phosphorylation rather than gene activation (Zeng et al., 2009; Zhang and Wong, 2012). In our study, we did not find evidence for additional activation of mTor gene expression by epileptiform activity. Rather conversely, mTor expression seems to be negatively affected by in vitro storage as demonstrated by decreased mTor mRNA levels in the entorhinal and temporal cortex.

The results from our cell death assay based on PI/DAPI staining imply that the 4-AP in vitro model represents a suitable tool to examine gene expression in vitro. Although cell death expectedly increased with increasing incubation intervals, we did not observe spatial or temporal differences between control and intervention groups. Interestingly, 4-AP treatment for 4 h tended to decrease the cell death rate when compared to time-matched controls. Previous studies demonstrated that preconditioning with 4-AP for 48 h protects rat cellular granule neuron culture against excitotoxicity by a number of stressors (glutamate, NMDA and 3-nitropropionic acid) (Smith et al., 2009). The results are consistent with an earlier investigation of 4-AP induced protection of hippocampal and cortical neuron culture (Hardingham et al., 2002; Tauskela et al., 2008). Overall, exposure to 4-AP or other proconvulsant agents such as the GABAA-receptor antagonist bicuculline, seems to be involved in neuroprotection (Hardingham et al., 2002; Tauskela et al., 2008), although the exact mechanisms remain unclear.

In our approach, we aimed to systematically overcome previous technical limitations by using various internal controls, applying quantitative means to measure gene expression and comparing different regions within a slice as well as different exposure times to the applied proconvulsant. As an acute in vitro model of seizures, we used 4-AP as in this model epileptiform activity remains stable over hours. We could clearly detect spatial differences demonstrated by the highest increase of c-Fos expression in the TC, the most frequent onset region for SLEs, while in the hippocampus, only a marginal increase in c-Fos mRNA was observed. This correlation applied also to the intraregional SLE expansion and activity-dependent increase of light transmittance.

Our work poses several limitations. According to previous reports, hippocampal slice preparation causes a remarkable induction of c-Fos mRNA within 6 h when compared to intact hippocampus (Taubenfeld et al., 2002). We confirmed these results with a hippocampal c-Fos mRNA increase up to 70-fold while increase in the entorhinal and temporal cortex was much lower. We assume that structural differences between the investigated regions including strong reciprocal connectivity in the hippocampus renders the latter more sensitive to the transient but massive neuronal activation during slice preparation. This high sensitivity with massive c-Fos increase in basal hippocampal slices presents a limiting factor as gene expression is not unlimited. It seems rpossible that strong initial hippocampal c-Fos increase made a further increase upon SLE induction less likely. This aspect together with the low incidence of SLEs in the hippocampal formation might explain the weak effects of SLE activity on hippocampal gene expression. The artificial, in vitro setting presents a general limitation that cannot be easily overcome. Gene expression observed in vitro might largely differ from the natural in vivo situation. Therefore, future observations from human samples investigated in vitro need to be interpreted with caution.

In human slices, c-FOS expression correlated with epileptiform activity, but we did not find increased expression in the onset zone, most likely due a high variability of the SLE onset and consequently probable imprecise definition. This onset variability as compared to rat tissue is likely due to the overall variability of human tissue obtained from different patients with consequent impact on the activity in vitro (Andersson et al., 2016; Wickham et al., 2018; Kraus et al., 2019) and also due to differences in tissue or different slicing angles (Kraus et al., 2020). All these variables not only influence neuronal survival and network excitability, but also could have affected gene expression. Finally, the infrequent availability and low number of human samples allowed only for a limited analysis and also precluded detailed comparison with rat tissue.

The discussed limitations need to be considered in future studies. In case of human tissue, however, using an ex vivo approach remains without alternatives. Overall, our results indicate that irrespective of limitations mostly imposed by ex vivo conditions, in vitro models in general represent a suitable tool for the investigation of gene expression by epileptiform activity. As an outlook, transcriptome-wide approaches including spatial transcriptomics as well as investigation of single cell profiles might reveal novel candidates involved in the human pathophysiology of epilepsy and possibly other CNS pathologies.
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Supplementary Figure 1 | Persistent epileptiform activity in ventral rat slices. Exemplary electrophysiological recording of 4-AP induced persistent epileptiform activity in the EC observed ventral rat slices (−7.6 to −6.8 mm from bregma) in contrast to separate SLEs in medial and dorsal slices.

Supplementary Figure 2 | Reference gene identification for rat slices. (A) Mean quantification value (Cq) and standard deviation of five reference genes determined in two independent samples for each condition (basal; control 1, 2, 3, and 4 h; 4-AP 1, 2, 3, and 4 h; n = 18). Values obtained from the three rat brain regions processed: hippocampus, entorhinal cortex and temporal cortex. (B) Cq of five candidate reference genes in all conditions across the three regions investigated (hippocampus, H, entorhinal cortex, EC, and temporal cortex, TC). The box chart indicates the first and the third interquartile range. The vertical line across the box indicates the median, while the lower and upper dashes show the minimum and maximum values. (C) Expression stability values (M) of the five candidate reference genes evaluated by NormFinder. A lower stability value indicates a more stable expression. Reep5 in hippocampus and Tbp in temporal cortex showed a standard deviation > 0.25, so they were excluded from the determination of the stability value.

Supplementary Figure 3 | Gene expression of c-Fos in basal rat slices. Duration of brain slice procedure (from decapitation to cell lysis in TRIzol) positively correlated with basal c-Fos mRNA levels. Relative to the reference gene Ywhaz, c-Fos expression in basal slices was highest in temporal cortex (TC) followed by entorhinal cortex (EC) and hippocampus (H) in decreasing order.

Supplementary Figure 4 | Gene expression of Icer and mTor in rat slices. Fold induction of Icer (A–C) and mTor (D–F) relative to basal gene expression in hippocampus, entorhinal, and temporal cortex, respectively. All investigated conditions are represented: control slices (control) and 4-AP treated slices (4-AP) with experimental duration of 1, 2, 3, or 4 h. For relative quantification in RT-qPCR, Ywhaz was used as reference gene. Scatter plots show means of individual rats (n = 20) since tissue was pooled before RT-qPCR, superimposed graphs represent median ± interquartile range (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).

Supplementary Figure 5 | Reference gene identification for human slices. (A) Mean quantification value (Cq) and standard deviation of three reference genes determined in two independent samples for each condition considered for human samples (basal, control, onset site, rest of slice; n = 8). (B) Cq of three candidate reference genes in all conditions. The box chart indicates the first and the third interquartile range. The vertical line across the box indicates the median, while the lower and upper dashes show the minimum and maximum values. (C) Expression stability values (M) of the three candidate reference genes evaluated by NormFinder. A lower stability value indicates a more stable expression.
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One characteristic feature of mesial temporal lobe epilepsy is granule cell dispersion (GCD), a pathological widening of the granule cell layer in the dentate gyrus. The loss of the extracellular matrix protein Reelin, an important positional cue for neurons, correlates with GCD formation in MTLE patients and in rodent epilepsy models. Here, we used organotypic hippocampal slice cultures (OHSC) from transgenic mice expressing enhanced green fluorescent protein (eGFP) in differentiated granule cells (GCs) to monitor GCD formation dynamically by live cell video microscopy and to investigate the role of Reelin in this process. We present evidence that following treatment with the glutamate receptor agonist kainate (KA), eGFP-positive GCs migrated mainly toward the hilar region. In the hilus, Reelin-producing neurons were rapidly lost following KA treatment as shown in a detailed time series. Addition of recombinant Reelin fragments to the medium effectively prevented the KA-triggered movement of eGFP-positive GCs. Placement of Reelin-coated beads into the hilus of KA-treated cultures stopped the migration of GCs in a distance-dependent manner. In addition, quantitative Western blot analysis revealed that KA treatment affects the Reelin signal transduction pathway by increasing intracellular adaptor protein Disabled-1 synthesis and reducing the phosphorylation of cofilin, a downstream target of the Reelin pathway. Both events were normalized by addition of recombinant Reelin fragments. Finally, following neutralization of Reelin in healthy OHSC by incubation with the function-blocking CR-50 Reelin antibody, GCs started to migrate without any direction preference. Together, our findings demonstrate that normotopic position of Reelin is essential for the maintenance of GC lamination in the dentate gyrus and that GCD is the result of a local Reelin deficiency.

Keywords: dentate granule cells, hippocampus, granule cell dispersion, epilepsy, Reelin


INTRODUCTION

Reelin is a key regulator of neuronal positioning during mammalian brain development, acting as a possible stopping signal (Dulabon et al., 2000; Chai et al., 2009; Sekine et al., 2011). Additionally, Reelin it is also important for synaptic function, plasticity and memory formation in the adult brain (for review see Herz and Chen, 2006; D’Arcangelo, 2014; Jossin, 2020). During development of telencephalic structures, such as the cerebral cortex and the hippocampus, Reelin is synthesized by early born Cajal-Retzius (CR) cells, later mainly by interneurons (Alcántara et al., 1998; Pesold et al., 1998). Reelin is a large glycoprotein, which is secreted into the extracellular matrix, where it is proteolytically cleaved into smaller isoforms, an important prerequisite for activation of target cells (Jossin et al., 2004, 2007; Tinnes et al., 2011; 2013). Cleavage of Reelin can occur at two sites: N-terminally between the second and the third repeat, and C-terminally between the sixth and seventh repeat, generating five isoforms depending on the protease in action (Lambert de Rouvroit et al., 1999; Jossin et al., 2004; Sato et al., 2016). However, which Reelin fragment is required for the normal Reelin signaling is still a matter for debate. Some research shows that the so-called central Reelin fragment, consisting of repeats 3–6 (R3-6), is imperative for receptor activation (D’Arcangelo et al., 1999; Jossin et al., 2004; Lee and D’Arcangelo, 2016), whilst other results demonstrate that the N-terminal (Nakajima et al., 1997; Dulabon et al., 2000) or C-terminal (Nakano et al., 2007) portion of the Reelin molecule is significant.

The canonical Reelin pathway involves binding of Reelin to lipoprotein receptors, the very-low-density lipoprotein receptor (VLDLR) and the apolipoprotein E receptor 2 (ApoER2), leading to tyrosine phosphorylation of the intracellular adaptor protein Disabled-1 (Dab1). Since VLDLR and ApoER2 lack core kinase activity, this is compensated for by the recruitment of Src family kinases. It results in the subsequent activation of downstream effectors, which target the actin and microtubule cytoskeleton (D’Arcangelo et al., 1999; Howell et al., 1999; Tissir and Goffinet, 2003; Stolt and Bock, 2006; Jossin and Goffinet, 2007; Leemhuis and Bock, 2011; Bock and May, 2016). Recently, it was reported that Reelin also interacts genetically and biochemically with ephrin/EphB receptors (Sentürk et al., 2011; Bouché et al., 2013). Ephrin/EphB and Reelin signaling share several downstream effector molecules and there is considerable overlap in the processes regulated by ephrinB/EphB and Reelin, showing that these molecules help mediate Reelin signaling outcomes (reviewed in Niethamer and Bush, 2019).

Dysregulation of Reelin signaling has been associated with several brain disorders such as autism, schizophrenia, bipolar disorder, depression, Alzheimer’s disease and epilepsy (reviewed in Ishii et al., 2016; Devinsky et al., 2018; Armstrong et al., 2019). The pathoetiologies of these conditions have been associated with aberrant brain cytoarchitecture, impaired synapse formation and stability and improper neuronal migration, most likely caused by a loss of Reelin. False neuronal positioning is particularly observed in mesial temporal lobe epilepsy (MTLE), typified by recurrent focal seizures and Ammon’s horn sclerosis (Thom, 2014). The latter is characterized by neuronal loss and often by granule cell dispersion (GCD), a malpositioning of dentate granule cells (GCs) (Houser, 1990; Haas et al., 2002).

There is evidence that a loss of Reelin is involved GCD formation, since the Reelin-deficient reeler mouse (D’Arcangelo et al., 1995; Hirotsune et al., 1995) shows a disorganized granule cell layer (GCL), reminiscent of GCD (Frotscher et al., 2003). Moreover, GCD formation has been shown to be accompanied by a loss of Reelin-producing neurons in the hippocampus of MTLE patients (Haas et al., 2002; Liu et al., 2020) and in rodent epilepsy models (Heinrich et al., 2006; Gong et al., 2007; Antonucci et al., 2008; Duveau et al., 2011; Orcinha et al., 2016). A local rescue of GC lamination has been achieved in vivo by infusion of recombinant Reelin into the mouse hippocampus during epileptogenesis (Müller et al., 2009) and in vitro by addition of recombinant Reelin in kainate (KA)-treated organotypic hippocampal slice cultures (OHSC; Orcinha et al., 2016). Conversely, neutralization of Reelin in the healthy mouse hippocampus by infusion of the function-blocking CR-50 antibody caused a local widening of the GCL (Heinrich et al., 2006). GCD can be induced in vitro in OHSCs by KA application (Tinnes et al., 2011, 2013; Chai et al., 2014). In this in vitro model, differentiated GCs have been shown to migrate via somal translocation (Murphy and Danzer, 2011; Chai et al., 2014), but so far the precise mechanism has remained unclear.

In the present study, we used KA-treated OHSC from transgenic mice expressing enhanced green fluorescent protein (eGFP) in differentiated GCs (1) to monitor the movement behavior of individual GCs in detail by live cell video microscopy, (2) to investigate which part of the Reelin molecule is efficient in GCD rescue, (3) whether the site of the Reelin loss matters, and (4) whether Reelin is needed for the maintenance of lamination in the healthy hippocampus. We present evidence that differentiated GCs actively migrate toward the Reelin-free hilar region and this motility can be prevented by application of the recombinant N-terminal or the central Reelin fragment. In addition, we show that placement of Reelin-coated beads into the hilus significantly stops the aberrant migration of GCs after KA exposure, and that neutralization of Reelin by the CR-50 antibody causes locomotion of GCs in healthy OHSC.



MATERIALS AND METHODS


Animals

Experiments were performed with transgenic Thy1-eGFP mice, in which eGFP is expressed under the control of the Thy1 promoter in a subpopulation of differentiated GCs in the dentate gyrus (RRID: IMSR_JAX:007788, M-line, C57BL/6 background, Feng et al., 2000). Mice were bred at the Center for Experimental Models and Transgenic Service (CEMT), University of Freiburg, and kept in a 12 h light/dark cycle at room temperature (RT) with food and water ad libitum. All animal procedures were handled according to the guidelines of the European Community’s Council Directive of 22 September 2010 (2010/63/EU) and were approved by the regional council (Regierungspräsidium Freiburg).



Organotypic Hippocampal Slice Cultures (OHSC)

Seven- or eight-days-old (P7-P8) male and female Thy1-eGFP mouse pups were used for OHSC preparation as described previously (Gerlach et al., 2016; Orcinha et al., 2016). In brief, brains were rapidly removed from the skull after decapitation under isoflurane (Abbott) anesthesia. The hippocampi were dissected and sliced (400 μm) perpendicular to the longitudinal axis of the hippocampus using a McIlwain tissue chopper. Only slices from the mid portion of each hippocampus were used. The slices were placed onto culture inserts (Millicell cell culture inserts, RRID:SCR_015799, Merck) and transferred to 6-well plates with 1 mL of incubation medium (pH 7.2) per well containing 50% minimal essential medium (MEM, Gibco), 25% basal medium Eagle (BME, Gibco), 25% heat-inactivated horse serum (Gibco) supplemented with 0.65% glucose (Braun) and 2 mM glutamate (Gibco). OHSC were incubated as static cultures (Stoppini et al., 1991) in 5% CO2 at 37°C for at least 7 days in vitro (DIV) to allow full eGFP expression (Chai et al., 2014) which was checked using an inverted epifluorescence microscope (Olympus CKX41 with U-RFL-T, Olympus). Incubation medium was changed every second day.



Live Cell Imaging

Organotypic hippocampal slice cultures were prepared as described above and cultivated for 7 – 18 DIV for the different live cell imaging experiments. Immediately before imaging, OHSC were handled as follows: (1) to monitor the migration behavior of individual GCs, OHSC were treated with KA (10 μM; Tocris) for 45 min, followed by addition of fresh medium with or without recombinant Reelin fragments (1 nM); Reelin fragments were produced as previously described in Orcinha et al. (2016); (2) to study the influence of Reelin in normotopic position within the dentate gyrus, OHSC were treated with KA (10 μM) for 45 min followed by addition of fresh medium, and placement of Reelin-coated fluorescent microspheres into the hilus (see below); and (3) to neutralize endogenous Reelin, the monoclonal CR-50 antibody (8 μg/mL; MBL Int. Corp) or normal mouse IgG (8 μg/mL; Santa Cruz) was added to fresh medium. In all control experiments, OHSC were cultured in fresh medium, only.

For live cell imaging, a laser scanning confocal microscope (Zeiss LSM 880) was used equipped with a multiline Argon 488 nm scanning laser. OHSC were securely placed in a stage enclosed in an aerated chamber at 37°C with humidified atmosphere containing 5% CO2, and were imaged along the z-axis with a spacing of 7 μm using a 20× objective (Plan Apochromat NA 0.8), at 45 min intervals over a period of 8 h (stack acquisition between each interval took roughly 15 min). The lowest laser power setting was used to avoid photo bleaching and associated photo damage. At the end of the imaging period, the confocal z-stacks obtained for each time point were converted to a maximum projection image using the Zen 2 lite software (Zeiss) and exported as TIFF-files for further analysis.



Analysis of Migration Behavior

To assess the migration pattern and direction of individual eGFP-positive GCs, a custom Matlab® software script (Matlab R2017b, RRID:SCR_001622, The-MathWorks) was applied. The confocal image stacks obtained at the different time points were imported into the analysis script and individual eGFP-positive GCs were automatically detected and numbered (Supplementary Figures 1A,B). Only cells with a diameter of approximately 10 μm and visible throughout all raw images were flagged by the function trackCells in the custom script. Taking into account the scaling factor (conversion from pixel to μm), cell motility was quantified by calculating (1) the total path length (Supplementary Figure 1C, totalDist) over 8 h and (2) the effective migration distance (Supplementary Figure 1C, effectDist) as the length of the resulting vector between start and end point (Supplementary Figure 1C, start and finish). These values were also used to calculate the directionality ratio as the quotient of effective distance and total path length according to Gorelik and Gautreau (2014) (Supplementary Figure 1C). If the neuron had a straight trajectory, this ratio was close to 1.0 (0.80 – 1.0). If the values were smaller (<0.80), a frequent change in direction had occurred. To analyze the migration direction, the border between hilus and GCL (white dotted line in Supplementary Figure 1A) or between microspheres and GCL (white dotted line in Supplementary Figure 1B) were marked and the distance of the start and end point to the hilus/microsphere – GCL border was calculated. Cells with a reduced distance to the border [Hdistance(t = 0 h) – Hdistance(t = 8 h)] were considered to migrate toward the hilus, whereas cells with an increased distance in relation to the hilus-GCL/microsphere border moved toward the molecular layer (ML).



Preparation of Reelin-Coated Fluorescent Microspheres

For the application of Reelin into the hilus of OHSC, red fluorescent latex beads (10 μL; Lumafluor Inc.) were incubated with recombinant full-length (FL) Reelin (1 nM) overnight at 4°C with mild agitation. Then, microspheres were centrifuged, the supernatant was removed, and the remaining beads were resuspended in 5 μL of sterile saline as previously described (Dulabon et al., 2000). A 0.8 nL bead solution (uncoated or Reelin-coated) was placed into the hilus of each OHSC using a programmable nanoliter injector (Nanoject III, Drummond) with a glass pipet fixed to a micromanipulator. Due to the broad bandwidth of the fluorophore used to produce the red beads, it was possible to detect them easily during the live cell imaging experiments using the green channel (see Supplementary Figure 2).



Immunohistochemistry

For the time course analysis of Reelin expression following KA application, OHSC were treated with KA (10 μM) for 45 min followed by incubation in fresh medium. Slices were fixed at 0 (immediately after KA treatment), 1, 2, 3, 4, 6, and 8 h post-KA with 4% paraformaldehyde (PFA, Roth) in 0.1 M phosphate buffer (PB; pH 7.4; 4 h at RT) and subsequently rinsed several times in PB. Immunolabeling for Reelin was performed using a free-floating protocol (Orcinha et al., 2016). After pre-treatment (0.25% Triton X-100, 10% normal serum in PB, 2 h at RT), slices were incubated (0.1% Triton X-100, 1% normal serum in PB, 24 h at RT) with a mouse monoclonal anti-Reelin antibody (G10, 1:1.000, Millipore, Cat# MAB5364, RRID: AB_2179313). Antibody binding was visualized by incubation with a goat anti-mouse Cy5-conjugated secondary antibody (1:400, RRID: AB_2338714, Jackson ImmunoResearch Laboratories) in the dark (6 h at RT) and counterstained with DAPI (4′,6-diamidino-2-phenylindole; 1:10.000, Roche). Whole slices were dried on glass slides, coverslipped with anti-fading mounting medium (DAKO, Sigma Aldrich, United States) and stored in the dark at 4°C.



Quantification of Reelin-Immunofluorescence in OHSC

Immunolabeled slices were analyzed with an epifluorescence microscope (Axio Imager 2 with ZEN blue software, Zeiss) and photomicrographs were taken with a 10-fold objective (Plan Apochromat, NA 0.45). Exposure times were kept constant to allow comparison between individual slices. To quantify fluorescence intensity of Reelin signals in the hilus, photomicrographs were converted to grayscale and the signal intensity was quantified as integrated density using the ImageJ software (ImageJ, RRID: SCR_003070). The regions of interest were manually outlined with the polygon selection tool. Values were corrected by background subtraction: integrated density – (measured area × mean background signal). Background was measured in each picture in a small region close to the area of interest and without Reelin signal. The mean background was calculated for each experiment and for the area of the hilus.



Western Blot Analysis

Eight – ten OHSC per animal and treatment were pooled and placed in 200 μL of lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% Triton, supplemented with protease inhibitor cocktail cOmpleteTM and phosphatase inhibitor tablets PhosSTOPTM (Roche Diagnostics). The samples were homogenized, the protein suspension was shaken for 15 min at 4°C and the insolubilized fraction was removed by centrifugation at 12,500 rpm for 10 min at 4°C. The supernatant was collected, and protein concentration was quantified using the Bicinchoninic Acid Assay (BCA) kit (Pierce). The protein concentration was determined following the instructions described in the manual. For the colorimetric measurement, the absorbance was read at 562 nm using bovine serum albumin (BSA) as standard.

For electrophoresis, 20 μg of total protein per lane were mixed with loading buffer. The samples were size-fractionated by standard sodium dodecyl sulfate – polyacrylamide gel electrophoresis (NuPAGETM, 4–12% Bis-Tris gel, Invitrogen) and transferred to polyvinylidene difluoride membranes (Roche Diagnostics). Membranes were blocked with I-Block (Tropix) or 5% BSA (for phosphorylated cofilin) in Tris-buffered saline with Tween-20 (TBST) for 1 h, washed with TBST and incubated overnight at 4°C with the following primary antibodies: rabbit polyclonal anti-Dab1 (1:1.000; Abcam), rabbit monoclonal anti-GAPDH (1:10.000; Clone 14C10; Cell Signaling) and rabbit polyclonal anti-p-cofilin (Ser3) (1:1.000; Cell Signaling). After several washing steps, the membranes were incubated with goat anti-rabbit alkaline-phosphatase-conjugated secondary antibody (1:10.000; Tropix) for 1 h at RT or overnight at 4°C and CDP Star (Tropix) was used as substrate for chemiluminescent detection by the Fusion FX Western Blot Imaging System (Vilber Lourmat).

Quantification of Western blot signals was attained with ImageJ software and GAPDH density was used as the loading control. In brief, images were opened with the ImageJ software and the color was inverted so that the bands turned black. The bands of interest were marked with the rectangle tool and the band intensity was measured with the “Gels” function available in the software. The band intensity peaks were plotted and the peaks were separated using the line tool. The area under each peak was measured and the size of the peak was indicated as percent of the total size of all of the highlighted peaks. The peak percentage of each analyzed protein was divided by the peak percentage of the respective loading control to give the relative percent of expression for each protein and each condition. These values were normalized to the control band and the relative value for the control group was always set as 100%. The experiments were repeated at least three times for each condition.



Statistical Analysis

All values were expressed as mean ± standard deviation. All statistical analysis was performed with GraphPad Prism 7 software (RRID: SCR_002798). Differences between groups were tested for statistical significance (Unpaired student’s t-test or one-way ANOVA with Tukey’s multiple comparison test). Significance levels were set to ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.



RESULTS


Migration Behavior of eGFP-Positive Granule Cells in OHSC After KA Treatment

First, we investigated the migration behavior of individual eGFP-positive GCs in KA-challenged OHSC in real time by life microscopy. To this end, OHSC were prepared from Thy1-eGFP mice, in which eGFP is expressed exclusively in differentiated dentate GCs (Chai et al., 2014; Orcinha et al., 2016) and were cultured for 7 days. OHSC were exposed to 10 μM KA for 45 min, followed by incubation in fresh medium and live cell imaging with a laser scanning confocal microscope (Figures 1A,B). Confocal stacks were acquired every hour over a period of 8 h and were evaluated offline by a custom script. The individual eGFP-positive GCs were automatically detected throughout the GCL and their position was tracked with respect to a manually drawn border between the hilus and GCL over the whole observation period (Supplementary Figure 1). The differences in motility were quantified by calculating (1) the total length of the traveled path over 8 h, (2) the effective distance of migration as the length of the vector between start (t = 0 h) and end point (t = 8 h), and (3) the directionality ratio (see in detail in “Materials and Methods”).
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FIGURE 1. EGFP-positive GCs migrate preferentially toward the hilus after KA treatment. Live cell imaging of individual eGFP-labeled GCs in control OHSC and after exposure to KA over a period of 8 h. (A,B) Representative confocal micrographs of nine imaging time points are shown for each condition. Left panel: overview; white frame indicates the area shown at high magnification on the right. Tracked cells are marked by white frames. (A) Untreated control. GCs do not change position. (B) Treatment with 10 μM KA for 45 min. GCs with high motility are indicated by arrows. Scale bars: 80 μm for overview; 10 μm for high magnifications. (C,D) Quantitative evaluation of migration distances of individual GCs in controls (C; n = 23 slices, 548 cells) and in KA-treated OHSC (D; n = 20 slices, 868 cells). Each slice was from a different animal. In contrast to controls (C), almost all GCs change their positions after KA treatment (D) and travel mainly toward the hilus regardless of their initial position in the GCL. (E,F) Graphs showing the representative behavior of an individual, tracked neuron in a control (E) and a KA-treated OHSC (F). Cell motility was assessed by calculating both the total length of the traveled path over 8 h (black dashed line = total distance) and the effective distance of the migration as the length of the resulting vector (green solid line) between start (t = 0 h) and end point (t = 8 h). Note the meandering way of migration in the KA group. (G) Diagram showing the directionality ratio (defined as ratio of total to effective distance). GCs from KA-treated slices have a lower directionality ratio than controls since they undergo requent changes in direction. (H) Relative distribution of GCs traveling toward the hilus (81.1%) or molecular layer (18.9%) in KA-treated OHSC. Unpaired student’s t-test (***P < 0.001). (I) Morphological changes following KA application. Representative GC from a KA-exposed culture imaged for 8 h. There is a clear change in the shape of the soma (white arrow heads) and migration of the soma into a dendritic branch (magenta arrows). Scale bar: 5 μm. GCL, granule cell layer; H, hilus; Ctrl, control.


Granule cells showed a significantly higher motility after KA treatment (n = 20 slices, 868 cells) when compared to control conditions (n = 23 slices, 548 cells) (Figures 1A,B), evident from an increased effective distance (in μm: controls: 3.065 ± 1.358; KA: 8.075 ± 2.975; unpaired t-test: P < 0.001). In contrast to controls (Figure 1C; Pearson correlation coefficient r = −0.04558; ns with P = 0.2525), almost all analyzed GCs migrated after KA treatment regardless of their position within the GCL (Figure 1D; Pearson correlation coefficient r = 0.00288; ns with P = 0.9293). We also found different populations of GCs: some traveled longer distances than others and a small population of neurons did not change their position. Analysis of the migration behavior revealed that GCs in KA-treated OHSCs did not move straight ahead, but were meandering, indicated by a reduced directionality ratio (0.7295 ± 0.1201) (Figures 1E–G). If a neuron has a straight trajectory, this ratio is close to 1.0 (0.8 – 1.0), if there are frequent changes in direction, the ratio is below 0.8. In addition, many GCs (81.1%) in KA-treated slices migrated in the direction of the hilus, whereas only a minority (18.9%) headed toward the molecular layer (Figure 1H). The constant, small values of effective distance in control OHSC were interpreted as adjustments to the environment.

Interestingly, the soma shape of migrating GCs was altered as the movement progressed over the 8 h after KA treatment (Figure 1I). The soma of the GCs appeared to move up toward one dendritic branch (magenta arrows, Figure 1I), then shifted to another one by retraction of the cell body (white arrow heads, Figure 1I), gradually displacing the soma. GCs in control slices did not show any morphological changes.



Time Course of Reelin Expression in OHSC Following KA Treatment

To probe the role of Reelin loss in the migratory behavior of GCs following KA exposure, we performed a detailed time course analysis of Reelin expression in OHSC following KA treatment. As before, OHSC were exposed to 10 μM KA for 45 min and were immediately fixed with PFA (0 h time point) or incubated in fresh medium followed by fixation at 1, 2, 3, 4, 6, and 8 h post-KA treatment. Slices were immunolabeled for Reelin and signals were quantified by densitometry (Figure 2). Control slices were handled in parallel for the corresponding time points, but since the Reelin signal was consistent in all controls, data were pooled (Figure 2A).
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FIGURE 2. Time course of KA-induced loss of Reelin-expressing neurons in the hilus. Representative images of whole OHSC immunolabeled for Reelin are shown. Small insets show high magnification of Reelin-expressing interneurons in the area of the hilus indicated by the dashed white frame (A’–E’). (A) In control slices (n = 21 slices), many Reelin-positive Cajal-Retzius cells are present at the hippocampal fissure, and large Reelin-immunopositive interneurons (A’) in the hilus (arrow heads). (B–H) Slices were fixed at (B) 0 h (=45 min after KA) (n = 6 slices), (C) 1 h (n = 7 slices), (D) 2 h (n = 8 slices), (E) 3 h (n = 9 slices), (F) 4 h (n = 9 slices), (G) 6 h (n = 5 slices), and (H) 8 h (n = 9 slices) after KA application. Reelin-positive cells are completely lost in the hilus at 4 h after treatment, whereas Reelin-expressing neurons at the hippocampal fissure survive throughout all time points. Note the morphological change of the Reelin-expressing interneurons in the hilus between 0 and 3 h (B’–E’) which appear shrunken. (I) Densitometric quantification of the Reelin signal in the hilus in controls and after KA treatment. Note the fast and continuous decline of the Reelin signal within the first 3 h after treatment. One-way ANOVA, followed by Tukey’s Multiple Comparison (**P < 0.01; ***P < 0.001). GCL, granule cell layer; H, hilus; HF, hippocampal fissure. Scale bar: 100 μm for overview, 20 μm for insets.


In control OHSC, many brightly labeled Reelin-positive neurons were present at the hippocampal fissure (HF) and less abundantly distributed in the hilus, consistent with previous reports (Tinnes et al., 2011; Orcinha et al., 2016). In KA-treated OHSC, many Reelin-immunolabeled neurons remained at the hippocampal fissure, but in the hilus the number of Reelin-positive neurons decreased rapidly between 0 and 8 h post-KA treatment when compared with controls (Figures 2B–H). Densitometric evaluation revealed a significant loss of the Reelin signal in the hilus already at the end of the KA treatment (0 h), which progressed over the next 3 h. After 4 h, all Reelin-immunolabeled neurons had disappeared from the hilus and no significant differences were found between 4, 6, and 8 h after KA exposure: controls: 17.9 ± 2.36 (n = 21 slices); 0 h: 14.07 ± 1.24 (n = 6 slices); 1 h: 9.24 ± 1.92 (n = 7 slices); 2 h: 8.3 ± 1.15 (n = 8 slices); 3 h: 5.44 ± 0.79 (n = 9 slices); 4 h: 1.16 ± 0.34 (n = 9 slices); 6 h: 0.72 ± 0.32 (n = 5 slices); 8 h: 0.45 ± 0.32 (n = 9 slices); ANOVA: P < 0.001; Tukey’s post-test: P < 0.001; Figure 2I). In parallel, we observed morphological changes in the Reelin-expressing neurons in the hilus, they appeared shrunken right after KA exposure, until the 3 h time point (Figure 2A’–E’).

This detailed time course showed that Reelin-expressing neurons were rapidly lost (within 3 h) in the hilus following KA treatment, whereas Reelin-synthetizing neurons at the hippocampal fissure survived.



Influence of Recombinant Reelin Fragments on KA-Induced Motility of eGFP-Labeled GCs

So far, we found that in KA-treated OHSC most GCs migrated toward the hilus, where Reelin-expressing neurons were lost within 3 h after KA exposure. If the Reelin loss indeed plays a role in the migration process, addition of exogenous Reelin should influence it. Therefore, we added recombinant Reelin fragments, specifically N-terminal and the central fragment (R3-6, N-R2, N-R6), to the medium after KA treatment and followed GCs by live cell imaging for 8 h.

As before, KA treatment alone caused a significantly increased motility of eGFP-positive GCs when compared to controls (Figures 3A,B,F). In contrast, GCs, although treated with KA, did not migrate in the presence of recombinant Reelin fragments: R3-6 (n = 12 slices, 470 cells), N-R2 (n = 9 slices, 284 cells) and N-R6 (n = 7 slices, 228 cells) (Figures 3C–F). All three fragments significantly prevented the movement of GCs (in μm: R3-6: 3.448 ± 1.157; N-R2: 3.778 ± 0.9103; N-R6: 3.372 ± 1.108; KA vs. KA+R3-6, KA+N-R2 and KA+NR-6; ANOVA: P < 0.001; Tukey’s post-test: P < 0.001; Figure 3F). Also, the directionality ratio was increased after incubation with recombinant Reelin fragments (R3-6: 0.869 ± 0.07; N-R2: 0.835 ± 0.10; N-R6: 0.863 ± 0.08) reaching values similar to controls (0.914 ± 0.05), in contrast to slices exposed to KA alone (Ctrl vs. KA+R3-6, KA+N-R2 and KA+NR-6, ns. KA vs. KA+R3-6, KA+N-R2 and KA+NR-6; ANOVA: P < 0.001; Tukey’s post-test: P < 0.001) (Figure 3G). These results indicate that all applied Reelin fragments were able to stop the KA-mediated migration of eGFP-positive GCs, supporting the role for Reelin as a positional signal for GCs in the hippocampus.
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FIGURE 3. KA-induced migration of differentiated GCs is prevented by recombinant Reelin fragments. (A–E) Live cell imaging of individual eGFP-positive GCs was performed over a period of 8 h, and migration distances of automatically selected cells were assessed. Representative confocal micrographs of nine imaging time points are shown for each condition. Left panel: overview; white frame indicates the area shown at high magnification on the right. Tracked cells are marked by white frames. (A) Untreated control (n = 23 slices, 548 cells). GCs do not change their position. In all experiments, each slice derived from a different animal. (B) Treatment of OHSC with 10 μM KA for 45 min (n = 20 slices, 868 cells). GCs with high motility are indicated by arrows. (C–E) Treatment of OHSC with 10 μM KA for 45 min, followed by incubation with fresh medium and subsequent application of recombinant Reelin fragments (each 1 nM). (C) R3-6 (n = 12 slices, 470 cells), (D) N-R2 (n = 9 slices, 284 cells), and (E) N-R6 (n = 7 slices, 228 cells). There is no migration of GCs in cultures treated with Reelin fragments. (F) Quantitative evaluation of migration distances of individual GCs. KA-treated GCs migrate, but migration can be prevented by application of the different recombinant Reelin fragments. (G) Diagram showing the directionality ratio. GCs from KA-treated slices show a reduced directionality ratio when compared to controls. Following application of the different recombinant Reelin fragments, directionality ratio of GCs reach control values. One-way ANOVA, followed by Tukey’s Multiple Comparison Test (***P < 0.001; Ctrl vs. KA + R3-6, Ctrl vs. KA + N-R2 and Ctrl vs. KA + N-R6 show no significant difference). GCL, granule cell layer; H, hilus. Scale bars: 80 μm for overview; 10 μm for high magnifications.




Placement of Reelin-Coated Beads Into the Hilus of KA-Treated OHSC

Next, we aimed at addressing the question whether the localization of the exogenous Reelin source matters. To this end, we used fluorescent beads with or without recombinant Reelin, placed them with the help of a micromanipulator into the hilus of healthy or KA-treated OHSC and performed life cell imaging for 8 h as described before. Following imaging, individual eGFP-positive GCs were automatically detected in confocal image stacks and their positions were tracked with respect to a manually drawn border between the beads and the GCL (Supplementary Figure 1).

First, we assessed whether application of fluorescent beads had any effect when present in control OHSCs (Figures 4A,B). There was no difference in the effective distance of eGFP-positive neurons when uncoated beads (n = 6 slices, 77 cells) or Reelin-coated beads (n = 7 slices, 89 cells) were placed into the hilus of control slices (Figure 4E) (in μm: uncoated beads: 2.537 ± 1.518; Reelin-coated beads: 2.456 ± 1.178; Ctrl+uncoated beads vs. Ctrl+Reelin-coated beads, ns; Tukey’s post-test: P = 0.9937). Moreover, placement of uncoated beads into KA-treated OHSC did not affect the significantly increased motility of GCs (Figures 4C,E) (n = 4 slices, 70 cells; 8.527 ± 2.69 μm; Ctrl+uncoated beads and Ctrl+Reelin-coated beads vs. KA+uncoated beads, ANOVA: P < 0.001; Tukey’s post-test: P < 0.001). Interestingly, when Reelin-coated beads were placed into the hilus of KA-treated OHSC (n = 5 slices, 68 cells), the movement of GCs was significantly reduced when compared to GCs from KA-treated slices with uncoated beads (Figures 4D,E) (4.596 ± 2.32 μm; KA+uncoated beads vs. KA+Reelin-coated beads, ANOVA: P < 0.001; Tukey’s post-test: P < 0.001), but did not reach control levels (Ctrl+uncoated beads and Ctrl+Reelin-coated beads vs. KA+Reelin-coated beads, ANOVA: P < 0.001; Tukey’s post-test: P < 0.001).
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FIGURE 4. Placement of Reelin-coated beads into the hilus stops KA-induced migration. Live cell imaging of individual eGFP-positive GCs was performed over a period of 8 h, and migration distances of automatically selected neurons were assessed. Cell motility was determined by calculating both the total length of the traveled path over 8 h and the effective migration distance as the length of the resulting vector between start (t = 0 h) and end point (t = 8 h). The border between the beads and GCL was marked and the distance was calculated between the start and end point of the cells to this border. (A–D) Representative confocal micrographs of nine imaging time points are shown for each condition. Left panel: overview; white frame indicates the area shown at high magnification on the right. Tracked cells are marked by white frames and GCs with high motility are indicated by arrows. OHSC were treated with 10 μM KA for 45 min, followed by placement of beads. Uncoated fluorescent beads (A,C) or Reelin-coated (B,D) were positioned into the hilus. Each slice derived from a different animal (A) Control + uncoated beads (n = 6 slices, 77 cells). (B) Control + Reelin-coated beads (n = 7 slices, 89 cells). (C) KA + uncoated beads (n = 4 slices, 70 cells). (D) KA + Reelin-coated beads (n = 5 slices, 68 cells). (E) Quantitative evaluation of migration distances of individual GCs. Under control conditions with uncoated and with Reelin-coated beads, GCs do not change position. KA induces migration of GCs but this is strongly reduced by placement of Reelin-coated beads. (F) Diagram showing the directionality ratios of the different groups. Note that GCs of the KA + uncoated bead group have lower values than the two control groups. GCs of KA-treated OHSC with Reelin-coated beads present a ratio similar to controls. (G–J) Quantitative evaluation of migration distances of individual GCs in relation to their start distance from the beads. (G) Control + uncoated beads, (H) Control + Reelin-coated beads, (I) KA + uncoated beads. Note that in these group there is no correlation between effective migration distance and start distance from the beads of tracked GCs. (J) KA + Reelin-coated beads. A positive correlation (Pearson correlation coefficient r = 0.7461) between the initial position and the migration behavior of the eGFP-positive cells is apparent. One-way ANOVA followed by Tukey’s Multiple Comparison Test (***P < 0.001). GCL, granule cell layer; H, hilus. Scale bars: 80 μm for overview; 10 μm for high magnifications.


The directionality ratio showed a lower value in GCs of OHSC exposed to KA with uncoated beads (0.695 ± 0.14) when compared with GCs from untreated slices with uncoated beads or with Reelin-coated beads (Ctrl+uncoated beads: 0.909 ± 0.06; Ctrl+Reelin-coated beads: 0.876 ± 0.08; Ctrl+uncoated beads and Ctrl+Reelin-coated beads vs. KA+uncoated beads, ANOVA: P < 0.001; Tukey’s post-test: P < 0.001). However, in KA-treated OHSC with Reelin-coated beads, the ratio was similar to controls (0.885 ± 0.10; Ctrl+uncoated beads and Ctrl+Reelin-coated vs. KA+Reelin-coated beads, ns; KA+uncoated beads vs. KA+Reelin-coated beads, ANOVA: P < 0.001; Tukey’s post-test: P < 0.001) (Figure 4F). Moreover, as anticipated, there was no correlation between the effective migration distance and the start distance from the beads in both control groups (Figures 4G,H) and in the KA+uncoated beads group (Figure 4I). In contrast, in KA-treated OHSC with Reelin-coated beads, there was a positive correlation (Pearson correlation coefficient r = 0.7461; P < 0.001) between the effective migration distance and the initial position from the beads (Figure 4J). This means that GCs closer to the Reelin source did not change their position significantly (values similar to controls) while more distant GCs did, indicating a concentration-dependent effect of Reelin. Apparently, the Reelin-coated beads created a Reelin gradient to which GCs responded in a distance-dependent manner: keeping them in place when sufficient Reelin was sensed but making them move when Reelin concentration was low.



Effect of KA Application on Intracellular Components of the Reelin Signaling Machinery

Based on the described observations, we aimed at investigating potential effects of KA on the Reelin signal transduction pathway. Dentate GCs express Reelin receptors and the intracellular adaptor protein Dab1 and maintain their expression under epileptic conditions as shown in MTLE patients (Haas et al., 2002) and rodent epilepsy models (Gong et al., 2007; Müller et al., 2009). Activation of the Reelin signal transduction pathway depends on phosphorylation of Dab1 (Howell et al., 1999) and further downstream of cofilin (Chai et al., 2009).

Hence, we investigated intracellular signaling components of the canonical Reelin pathway after KA treatment. OHSC were treated with KA for 45 min, followed by washout, and incubation with or without recombinant Reelin fragments for 8 h. Subsequently, Dab1 and phosphorylated cofilin (p-cofilin) levels were detected by Western blot analysis and densitometrically quantified (Figure 5).
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FIGURE 5. Addition of recombinant Reelin fragments restores KA-mediated alterations of Reelin signaling components. Quantitative Western blot analysis for Dab1, p-cofilin was performed with extracts from control OHSC (n = 8 animals, 8–10 slices/animal), OHSC treated with 10 μM KA for 45 min (n = 3 animals, 8–10 slices/animal) and OHSC exposed to KA followed by incubation with fresh medium and subsequent application of recombinant Reelin fragments: R3-6 (n = 4 animals, 8–10 slices/animal), N-R6 (n = 3 animals, 8–10 slices/animal) and N-R2 (n = 4 animals, 8–10 slices/animal). (A) Representative Western blot for Dab1 and p-cofilin. GAPDH was used as a loading control. (B,C) Densitometric evaluation of (B) Dab1, (C) p-cofilin. Treatment with KA results in a significant upregulation of Dab1 synthesis and reduction of phosphorylated cofilin levels in tissue extracts. Subsequent incubation with the different recombinant Reelin fragments restores Dab1 and p-cofilin levels. One-way ANOVA followed by Tukey’s Multiple Comparison Test (*P < 0.05; **P < 0.01; ***P < 0.001). Molecular weights are shown in kilodalton.


Kainate treatment resulted in significantly elevated Dab1 levels synthesis (% of control: 153.9 ± 43.34; n = 3) when compared to controls (Ctrl vs. KA. ANOVA: P < 0.001; Tukey’s post-test: P = 0.014; n = 8). Noteworthy, the incubation with the different Reelin fragments resulted equally in a drop of Dab1 levels, significantly different from KA slices (% of controls: controls: 100%; R3-6 (n = 4): 64.76 ± 7.786%; N-R6 (n = 3): 67.94 ± 6.63%; N-R2 (n = 4): 56.16 ± 3.029%; ANOVA: P < 0.001; KA vs. R3-6: Tukey’s post-test: P = 0.0005; Ctrl vs. N-R6: Tukey’s post-test: P = 0.0007; KA vs. N-R2: Tukey’s post-test: P = 0.0002).

The levels of p-cofilin were significantly reduced after KA exposure (% of controls: 57.24 ± 20.17%; Ctrl vs. KA. ANOVA: P = 0.0051; Tukey’s post-test: P = 0.0452). As shown in Figure 5C, this effect was abolished after the incubation with the recombinant Reelin fragments N-R6 and N-R2, with values similar to controls (controls: 100%; N-R6: 128.2 ± 9.231%; N-R2: 111.2 ± 41.72%; ANOVA: P = 0.0051; Ctrl vs. N-R2: Tukey’s post-test: P = 0.9434; Ctrl vs. N-R6: Tukey’s post-test: P = 0.4598). No difference was found between post-KA treatment and incubation with the central fragment R3-6 (R3–6: 78.69 ± 38.37%; KA vs. R3-6; Tukey’s post-test: P = 0.6924).

Together, these findings show that the loss of Reelin post-KA treatment caused an increase of Dab1 and decrease of p-cofilin levels reminiscent of the reeler phenotype (Chai et al., 2009) and addition of Reelin to the culture medium reversed these effects.



Migration Behavior of eGFP-Positive GCs After Neutralization of Reelin

Finally, we tested the effect of Reelin neutralization in healthy OHSC by application of the function-blocking CR-50 antibody known to block Reelin function in vivo and in vitro (Ogawa et al., 1995; Nakajima et al., 1997; Heinrich et al., 2006). OHSC from Thy1-eGFP mice were incubated with normal medium (control), normal mouse IgG or CR-50 followed by live cell imaging for 8 h (Figures 6A–C). Normal mouse IgG was used as a negative control to confirm the specificity of the CR-50 antibody and for ruling out non-specific Fc receptor binding (Burry, 2011). As before, individual eGFP-positive GCs were automatically detected throughout the GCL and their position was tracked with respect to a manually drawn border between the hilus and GCL (Supplementary Figure 1).


[image: image]

FIGURE 6. Neutralization of Reelin in the healthy hippocampus leads to migration of mature granule cells. Live cell imaging of individual eGFP-positive GCs was performed over a period of 8 h, and migration distances of automatically selected cells were assessed. (A–C) Representative confocal micrographs of nine imaging time points are shown for each condition. Left panel: overview; white frame indicates the area shown at high magnification on the right. Tracked cells are marked by white frames. (A) Untreated control. GCs do not change position. (B) OHSC incubated with normal mouse IgG (8 μg/mL). As in controls, there is no neuronal displacement. (C) OHSC incubated with neutralizing CR-50 antibody (8 μg/mL). GCs with high motility are indicated by arrows. (D) Comparison of effective migration distances of individual GCs between groups: controls (n = 15 slices; 183 cells), normal mouse IgG (n = 2 slices, 38 cells) and CR-50 (n = 10; 254 cells). Under control conditions and with normal mouse IgG, GCs do not change position. In contrast, incubation with the CR-50 antibody strongly induces migratory behavior as indicated by strongly increased effective distances. (E) Diagram showing the directionality ratio. All three groups show similar values. (F) Graph showing the path of one representative neuron after incubation with the CR-50 antibody. Cell motility was assessed by calculating both the total length of the traveled path over 8 h (black dashed line = total distance) and the effective distance of the migration as the length of the resulting vector (green solid line) between start (t = 0 h) and end point (t = 8 h). Note that the path of this neuron is straight without any changes in direction. (G) Graph showing that there is no correlation between effective migration distance and start distance from the hilus of tracked GCs. All cells change their positions and travel regardless of their position in the GCL. (H) Relative distribution of cells traveling toward the hilus (51.2%) or molecular layer (48.8%) in OHSC incubated with CR-50 antibody. To differentiate the migration direction, the border between the hilus and GCL was marked and the distance of the start and end point of the cells to this border was calculated Cells that reduce their distance to the border over time [Hdistance (t = 0 h) – Hdistance (t = 8 h), positive values] are considered migrating toward the hilus. Cells showing an increase in distance (negative values) moved toward the ML. One-way ANOVA, followed by Tukey’s Multiple Comparison Test (***P < 0.001; Ctrl vs. Normal IgG show no significance). Scale bars: 80 μm for overview; 10 μm for high magnifications. (I) Representative GC from an OHSC treated with CR-50 and imaged over a period of 8 h, as described above. Note the change in the soma shape as the neuron shifts position (white arrow heads), the soma moves into an apical dendrite (magenta arrows). Scale bar: 5 μm. GCL, granule cell layer; H, hilus.


Granule cells became motile in the presence of CR-50 (Figure 6C) with a significantly increased effective distance when compared to controls (Figure 6D) [in μm: Ctrl: 2.95 ± 1.22 (n = 15 slices, 183 cells); IgG: 3.221 ± 0.93 (n = 2 slices, 38 cells); CR-50: 9.602 ± 3.78 (n = 10 slices, 254 cells); Ctrl vs. IgG, ns with P = 0.8564; Ctrl and IgG vs. CR-50, ANOVA: P < 0.001; Tukey’s post-test: P < 0.001). Interestingly, the directionality ratio was close to 1 (Figure 6E) (Ctrl: 0.869 ± 0.06; IgG: 0.871 ± 0.07; CR-50: 0.883 ± 0.09; ANOVA: ns with P = 0.2280) portraying a straight migration behavior in the presence of CR-50 (Figure 6F). No correlation was found between the start distance from the hilus and the effective distance of eGFP-positive neurons after incubation with CR-50. Almost all cells traveled long distances regardless of their initial position in the deep or superficial GCL (Figure 6G) and without any preference in migration direction (Figure 6H). In addition, changes occurred in the soma as the neurons shift position (Figure 6I). As observed in Figure 1I, the soma of the GCs moved up into the apical dendrite (magenta arrows, Figure 6I). In this particular case, there is no retraction of the cell body, only change in shape (white arrow heads, Figure 6I), and the soma continues moving into the dendritic branch. Altogether, these data clearly show that ubiquitous neutralization of Reelin by the CR-50 antibody caused a non-directional migration of eGFP-positive GCs indicating that Reelin is necessary to maintain GC lamination in the healthy hippocampus.



DISCUSSION

The main findings of the present study are as follows: KA treatment caused a rapid and complete loss of Reelin-producing hilar neurons. Upon KA challenge, eGFP-positive GCs actively migrated toward the Reelin-poor hilar region. This migration was effectively prevented by application of recombinant N-terminal or central Reelin fragments. Placement of Reelin-coated beads into the hilus of KA-treated cultures slowed the migration of GCs in a distance-dependent manner. In addition, we found that KA treatment impaired the Reelin signal transduction pathway by accumulation of Dab1 and reduced phosphorylation of cofilin. Importantly, neutralization of Reelin in healthy OHSC lead to a non-directed movement of GCs underlining the importance of Reelin for maintenance of GC lamination.


GCs Preferentially Migrate Toward the Reelin-Poor Hilus Following KA Challenge

In the adult dentate gyrus, GCs form a densely packed layer. Under epileptic conditions, the lamination can dissolve resulting in GCD, as observed in MTLE patients (Houser, 1990; Haas et al., 2002; Fahrner et al., 2007) and in the intrahippocampal KA mouse model (Bouilleret et al., 1999; Heinrich et al., 2006; Häussler et al., 2012; Janz et al., 2017). Since neurogenesis is lost in the dentate gyrus following KA injection (Kralic et al., 2005; Heinrich et al., 2006; Nitta et al., 2008; Häussler et al., 2012), it was assumed that differentiated GCs undergo GCD (Chai et al., 2014). Here, we demonstrate in OHSC by live cell microscopy that eGFP-labeled, differentiated GCs become motile in response to KA exposure. The migrating GCs altered their soma shape over the observation period: the nuclei of the GCs moved up toward one dendritic branch followed by a shift to another one, thereby gradually displacing the soma mainly in the direction of the hilus. These observations suggest that the migration of mature GCs described here relies on nuclear movement in line with previous studies describing somal translocation as a novel mechanism of GCs undergoing dispersion (Murphy and Danzer, 2011; Chai et al., 2014). Somal translocation is a mechanism of migratory neurons during brain development, involving the translocation of the nucleus and perisomatic cytoplasm into a leading process (Rakic, 1972; Métin et al., 2008). This migration mode does not require a radial glia scaffold (Miyata et al., 2001; Morest and Silver, 2003), since it is only used by neurons migrating short distances (Nadarajah et al., 2001). Accordingly, in our study the differentiated GCs traveled short distances at a slow speed (approximately 1 μm/h). In contrast, during development of the dentate gyrus, the migration speed of newly born GCs is much faster (approximately 10 μm/h), and requires a radial glial scaffold (Wang et al., 2018). Previous studies addressing migration during brain development have uncovered that the actin cytoskeleton is required for nuclear movement, involving F-actin and the myosin II motor (actomyosin), creating pulling (He et al., 2010) and pushing forces (Martini and Valdeolmillos, 2010). He et al. (2010) found that the leading tip of migrating neurons pulls the soma forward through myosin II dynamics in an actin-dependent manner, depicting a growth cone-like structure, which we did not observe. In contrast, pushing forces can be created by actomyosin contraction at the rear of the soma of a migrating neuron (Shieh et al., 2011), comparable with the results from our live cell imaging experiments. It is possible that pushing forces, acting without directional pulling forces, explain the slow migration rate and the “winding” soma of the GCs in our system.

By tracking the path of individual neurons, we could show that the majority of GCs (81.1%) moved in the direction of the hilus following a meandering path as if they were actively searching for a positional cue. In fact, Reelin-producing, hilar neurons started to degenerate already at 45 min after KA exposure and were completely lost within 4 h, resulting in an area devoid of Reelin as shown by our detailed time series of Reelin expression. Therefore, we assume that most GCs moved speci?cally to the direction of the Reelin-free hilar area, whereas only about 20% traveled in the opposite direction toward the molecular layer where Reelin-expressing neurons did not degenerate in response to KA exposure. It is possible that a functional inactivation of Reelin by impaired proteolytic processing (Tinnes et al., 2011) plays a role in the migration of GCs toward the molecular layer. Tinnes et al. (2011) showed that in KA-treated OHSC Reelin secreted by Cajal-Retzius cells is abnormally processed, leading to the production of high molecular weight Reelin unable to diffuse through the tissue and to activate enough Reelin receptors on GCs (Jossin et al., 2007; Tinnes et al., 2011).

The selective vulnerability of Reelin-positive hilar neurons has been described before in rodent epilepsy models (Gong et al., 2007; Orcinha et al., 2016) and in vitro in OHSC following KA exposure (Tinnes et al., 2011; Chai et al., 2014; Orcinha et al., 2016), but nobody performed such a detailed time course analysis showing death of hilar Reelin-positive cells already within 45 min after KA treatment. The observed differential survival capacity of hilar interneurons and Cajal-Retzius cells is most likely due to a lack of KA receptors on the latter, since only hilar interneurons, but not Cajal-Retzius cells, respond to KA treatment with c-Fos induction (Tinnes et al., 2011).



Presence of Recombinant Reelin Fragments Stop KA-Induced Motility of GCs

Reelin is a key regulator of neuronal migration, delivering a signal to migrating neurons instructing them to assume their correct position during development (Tissir and Goffinet, 2003; Hirota and Nakajima, 2017; Jossin, 2020). Reelin-deficient reeler mice studies revealed faulty lamination in several brain structures as well as GC positioning defects in the hippocampus (D’Arcangelo et al., 1995, D’Arcangelo, 2014; Frotscher et al., 2003; Tissir and Goffinet, 2003; Zhao et al., 2004). These findings established a role for Reelin in stabilizing the lamination of the dentate gyrus. Here, we show that addition of the recombinant N-terminal Reelin fragments N-R2 and N-R6 and central Reelin fragment R3-6 to the medium of KA-treated OHSC were equally effective in preventing KA-induced migration of GCs toward the Reelin-free hilus. These data confirm and extend previous results showing that addition of the central Reelin fragment R3-6 stopped KA-induced GC migration in OHSC (Orcinha et al., 2016). R3-6 and N-R6 can activate the Reelin signaling cascade via the canonical pathway involving VLDR and ApoER2 receptors (Jossin et al., 2004; Koie et al., 2014), whereas the N-terminal fragment NR-2 has been shown to interact specifically with the extracellular domains of the EphB transmembrane proteins, inducing receptor clustering and activation of EphB signaling, independently of ApoER2 and VLDLR (Bouché et al., 2013). Reelin can also activate phosphorylation of Dab1 via binding to ephrin B proteins which are expressed on hippocampal neurons (Sentürk et al., 2011). In addition to stopping KA-induced migration of differentiated GCs, the Reelin recombinant fragments were also effective in rescuing the downstream signaling components of Reelin as shown by our quantitative Western blot analysis. They reverted the accumulation of Dab1, known to occur in the absence of Reelin (Rice et al., 1998; Bock and Herz, 2003) and reestablished the phosphorylation of cofilin, necessary for downstream effects of Reelin (Chai et al., 2009; Frotscher et al., 2017).

The effect we observed in our OHSC strongly supports the proposed hypothesis that Reelin has a positional cue function in the dentate gyrus that is impaired in the presence of KA, and small fragments derived from the Reelin molecule were capable of rescuing GCD. Similarly, the importance of Reelin for correct positioning of dentate granule cells was shown by Gong et al. (2007), who found that exogenous Reelin had a positive effect in recovering normal migration and integration of late-born GCs in dentate gyrus explants from epileptic mice. In contrast, in a recent study, quantitative analysis of interneuron-specific Reelin knockout in adult mice did not reveal structural changes in the dentate gyrus, when compared to wild type mice (Pahle et al., 2020). Interestingly, these authors showed that the number of Reelin-expressing CR cells was significantly increased in interneuron-specific knockout mice. It was proposed to be a compensatory process for the loss of Reelin-expressing interneurons experienced in these knockout mice during development, resulting in an organized GC layer. As previously shown, this compensatory mechanism is not present in the mature hippocampus, after KA treatment (Duveau et al., 2011; Orcinha et al., 2016). In our conditions, Reelin that is secreted by CR cells is abnormally processed, leading to the production of high molecular weight Reelin isoforms (Tinnes et al., 2011) unable to diffuse through the tissue. This fails to activate enough Reelin receptors present in GCs (Jossin et al., 2007; Tinnes et al., 2011), entailing migration of mature GCs and resulting in GCD. Therefore, we speculate that the observed increase in Reelin expression in the hands of Pahle et al. (2020) was enough for the maintenance of the layering in the adult dentate gyrus. In addition, in Lane-Donovan et al. (2015) GCD formation was not found after conditional Reelin knockout in the adult dentate gyrus (Lane-Donovan et al., 2015). However, in these mice, 5% of the initial Reelin concentration was still present. Given that very low Reelin concentrations (1 nM) were sufficient to produce significant effects in our study and other studies (∼ 0.5 nM; Leemhuis et al., 2010), the incomplete Reelin knockout could explain the controversy.



Localization Matters: Placement of Reelin-Coated Beads Into the Hilus Stops KA Induced Migration

Reelin loss evidently appears to be involved in pathological neuronal migration in the adult hippocampus and substantial evidence supports the relevance of the presence of Reelin in a specific location to exert its function as a positional signal. Previous studies have shown that, during development, the rescue of GC lamination in OHSC prepared from Reelin-deficient reeler mice could be achieved when Reelin was present in its normal position, provided by a wild-type co-culture (Zhao et al., 2004, 2006). Here, we show that placement of Reelin-coated beads into the hilus of KA-treated OHSC could stop GC migration in a distance-dependent manner. Our real time microscopy clearly demonstrated a correlation between the localization of the Reelin source and the covered distance of eGFP-positive GCs. Neurons that were closer to the Reelin source did not significantly move away from their initial position, whereas neurons located further away from Reelin had an increased effective migration distance, but showed lower effective distances, when compared to neurons from OHSC treated with KA alone, and a directionality ratio like controls. The placement of a focal Reelin source into the hilus of OHSC was able to rescue the KA-induced movement of mature GCs in a gradient-like manner. One could explain this with the premise that Reelin fragments were produced from the full-length protein by proteolytic cleavage after Reelin was placed into the hilus due to the existence of proteases in the tissue (Jossin et al., 2007; Yasui et al., 2007). Also, the presence of small fragments bound to the beads before placement must be considered. These small Reelin fragments were then able to diffuse away from their original position, activating the Reelin signaling pathway by binding to the receptors located on the membrane of dentate GCs (Clatworthy et al., 1999; Sakai et al., 2009; reviewed in Reddy et al., 2011; Dlugosz and Nimpf, 2018; Liu et al., 2018). It is controversially discussed whether Reelin acts as a stopping signal (Dulabon et al., 2000; Chai et al., 2009; Sekine et al., 2011), as a global and locally active attractant signal (Rice and Curran, 2001; Courtès et al., 2011; Wang et al., 2018) or as a locally active repelling signal (D’Arcangelo and Curran, 1998; Wang et al., 2018) during neuronal migration in development. So far, our present results indicate that Reelin is an instructive factor, acting as a local stopping cue, responsible for maintaining the position of mature GCs and ceasing their aberrant migration under epileptic conditions.



KA Treatment Compromises Reelin Signaling

Since Reelin can be sensed by GCs, the presence of components of the signaling cascade is imperative. To further analyze the effects of KA-induced impairment of Reelin on the behavior of GCs, expression levels of Dab1 and p-cofilin, important downstream signaling molecules of the Reelin pathway, were assessed. Reelin signaling is mediated by the ApoER2, VLDLR and EphB receptors (D’Arcangelo et al., 1999; Hiesberger et al., 1999; Trommsdorff et al., 1999; Kubo et al., 2002; Strasser et al., 2004; Bouché et al., 2013), members of the Src family of tyrosine kinases (SKF) (Arnaud et al., 2003; Kuo et al., 2005) and the neuronal phosphoprotein Dab1 (Howell et al., 1999, 2000). This pathway modulates the activity of downstream protein kinase cascades, many of which target the neuronal cytoskeleton, explaining the pivotal role of Reelin in neuronal migration. Migration involves active cytoskeleton remodeling. It includes actin filaments, microtubules and cofilin, a protein responsible for the reorganization of actin filaments. Previous studies showed that the loss of downstream signaling components lead to severe cortical alterations and perturbed hippocampal lamination, a phenotype indistinguishable from reeler mutants (Trommsdorff et al., 1999; Kuo et al., 2005; Bellenchi et al., 2007; Chai et al., 2009). In our study, KA treatment affected the expression of Dab1 and p-cofilin. It induced the accumulation of Dab1 and reduced phosphorylation of cofilin. However, application of recombinant Reelin fragments to KA-treated OHSC resulted in a significant decrease of Dab1 levels and increased the phosphorylation of cofilin. In a normal setting, the binding of Reelin extracellularly to its receptors induces intracellular tyrosine phosphorylation of Dab1, and thus activates other downstream components. It has been shown that mutations of Dab1 phenocopy and disruption of the Reelin signaling lead to accumulation of Dab1 protein (Howell et al., 1997; Sheldon et al., 1997; Rice et al., 1998; Hiesberger et al., 1999; Trommsdorff et al., 1999; Arnaud et al., 2003; Bock and Herz, 2003; Kuo et al., 2005), similar to what was found here after exposure to KA. Moreover, the studies from Arnaud et al. (2003) and Bock et al. (2004) reported in primary neuronal cultures that expression of Dab1 is reduced through the ubiquitin-proteasome system in the presence of Reelin and that this modification requires tyrosine phosphorylation of Dab1. In addition, Feng et al. (2007) and Franco et al. (2011) demonstrated that terminal translocation of migrating newborn neurons is Dab1-dependent. Dab1 degradation is critical in neurons to properly terminate their migration. Unfortunately, due to technical difficulties, we were not able to properly detect Dab1 phosphorylation in our system. However, these findings agree with our results showing that addition of exogenous Reelin halted neuronal migration, most likely via induction of Dab1 phosphorylation, resulting in the observed downregulation of Dab1. Reelin induces phosphorylation of Dab1, an important step for the activation of LIMK-cofilin axis. Consecutively, phosphorylation (activation) of LIMK1, a kinase that induces phosphorylation of the actin severing protein cofilin, leads to its inactivation and stabilizes the actin cytoskeleton (Arber et al., 1998; Yang et al., 1998; Meng et al., 2004; Chai et al., 2009). In an unphosphorylated state, cofilin acts as an actin-depolymerizing protein that promotes the disassembly of F-actin, leading to migration (reviewed in Frotscher, 2010). Here, p-cofilin levels were reduced in the presence of KA, and recombinant Reelin fragments abolished this effect. It is tempting to conclude that Reelin counteracts cytoskeleton reorganization and in turn stabilizes the actin cytoskeleton, stopping the migration process. In line with this argument, it was previously shown that the amounts of phosphorylated cofilin were significantly reduced in reeler mice and that application of recombinant Reelin to reeler tissue significantly increased the phosphorylation of cofilin (Chai et al., 2009, 2016; reviewed in Frotscher et al., 2017). Also, changes in cell shape during neuronal migration are associated with cytoskeletal remodeling (Rivas and Hatten, 1995; Rakic et al., 1996; Nadarajah et al., 2001; Nadarajah and Parnavelas, 2002; Miyata and Ogawa, 2007; Cooper, 2013), being characterized by well-coordinated consecutive periods of cytoskeletal stability. The reduction of phosphorylation levels of cofilin might explain the morphological changes in the soma of mature GCs observed after KA treatment in our live cell imaging experiments. Taken together, the evidences so far suggest the following scenario: after secretion, Reelin is chained to the extracellular matrix where it remains inactive until its proteolysis allows for the initiation of the downstream signaling (Lambert de Rouvroit et al., 1999; Jossin et al., 2007; Trotter et al., 2014). Reelin fragments can act locally or diffuse away from the site of secretion (Jossin et al., 2007), activating Dab1 phosphorylation by binding to its receptors present in GCs and recruiting SKFs (Howell et al., 1997; Strasser et al., 2004; Morimura et al., 2005). Phosphorylation of cofilin at serine3 renders the protein unable to depolymerize actin, thereby stabilizing the actin cytoskeleton. In the adult hippocampus, defects in Reelin-Dab1-dependent signaling caused by KA accounts for the migration of mature GCs, by somatic translocation, toward the Reelin-free hilar area, and this can be explained by the accumulation of Dab1 and the decreased phosphorylation levels of cofilin. These results point to an important role of cofilin and its coordinated regulation by Reelin-dependent phosphorylation steps in the lamination of the mature hippocampus.



Neutralization of Reelin in the Healthy Hippocampus Dissolves GC Lamination

Additional evidence linking Reelin with the maintenance of GC lamination in the adult dentate gyrus was given by our use of the CR-50 antibody in naïve OHSC. The neutralizing antibody CR-50 can block Reelin function in vivo and in vitro (Ogawa et al., 1995; del Río et al., 1997; Miyata et al., 1997; Nakajima et al., 1997; Utsunomiya-Tate et al., 2000) and infusion of CR-50 into the hippocampus of normal adult mice induced GCD locally (Heinrich et al., 2006). Its epitope in the Reelin structure is located near the N-terminal, between the amino acids 251 and 407, important for protein homopolymerization and signaling. Mutated Reelin, which lacks a CR-50 epitope, fails to form homopolymers, and is therefore unable to transduce the Reelin signal (D’Arcangelo et al., 1997). Incubating OHSC with CR-50 caused a considerable displacement of eGFP-positive GCs in the healthy hippocampus, similar to the KA-induced phenotype. Our live cell imaging revealed that GCs migrated also by somatic translocation but, contrarily to neurons in KA-treated OHSC, in a non-meander manner, straight into one direction without significant changes in directionality, independently from their initial position within the GCL. Here, Reelin was blocked all over the OHSC. Since a positional cue was missing, the GCs immediately started to migrate without any preference in direction. These findings suggest the importance of endogenous Reelin expression and its normal topographical position for proper brain lamination. Accordingly, as previously postulated (Haas et al., 2002; Frotscher et al., 2003; Heinrich et al., 2006), Reelin is not only important for the formation but also relevant for the maintenance of GCL lamination in the adult hippocampus.
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Roles of N-Methyl-D-Aspartate Receptors (NMDARs) in Epilepsy
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Epilepsy is one of the most common neurological disorders characterized by recurrent seizures. The mechanism of epilepsy remains unclear and previous studies suggest that N-methyl-D-aspartate receptors (NMDARs) play an important role in abnormal discharges, nerve conduction, neuron injury and inflammation, thereby they may participate in epileptogenesis. NMDARs belong to a family of ionotropic glutamate receptors that play essential roles in excitatory neurotransmission and synaptic plasticity in the mammalian CNS. Despite numerous studies focusing on the role of NMDAR in epilepsy, the relationship appeared to be elusive. In this article, we reviewed the regulation of NMDAR and possible mechanisms of NMDAR in epilepsy and in respect of onset, development, and treatment, trying to provide more evidence for future studies.
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INTRODUCTION

Epilepsy is one of the most common neurological disorders characterized by recurrent seizures. Long-term recurrent seizures could lead to cognitive impairment and mental disorders, which severely affect the social interaction level and employment ability of epileptic patients, and result in a decline in the quality of life (Chen et al., 2020a). At present, antiepileptic drugs (AEDs) remain the main therapy of epilepsy, despite no response in about 1/3 patients with epilepsy (Moshé et al., 2015). The mechanism of epilepsy remains unclear but it is generally regarded as a self-facilitated pathological process triggered by brain injury, ultimately resulting in nerve damage, mossin fibrosis, synaptic plasticity, inflammatory response, and ionic pathway dysfunction (Gan et al., 2015). It is widely acknowledged that abnormal excessive synchronous discharge, i.e., the imbalance between excitation and inhibition of neurons, plays an essential role in epileptogenesis.

However, the factors affecting this imbalance were sophisticated, and excitatory amino acids were supposed to participate in this imbalance (Bonansco and Fuenzalida, 2016).

In the central nervous system (CNS), N-methyl-D-aspartate receptor (NMDAR) is one of the main excitatory receptors on the synapses of neurons including glutamatergic neurons and GABAergic interneurons, which regulate the balance between neuronal excitation and inhibition (Hendry et al., 1987; Hanada, 2020). Meanwhile, NMDARs, the ionotropic glutamate receptors in the brain, are involved in neuroplasticity, excitatory neurotransmission, and neurotoxicity (Fricker et al., 2018; Horak et al., 2021). Related studies have shown that overexcitation of NMDAR leads to neuronal death in neurological diseases such as epilepsy, stroke, Alzheimer’s disease (AD), and Parkinson’s disease (PD; Essiz et al., 2021). In the brain, NMDARs are hetero-tetramers generally composed of two GluN1 subunits and four distinct GluN2 (GluN2A-D) or a mixture of GluN2 with two different GluN3 (GluN3A and 3B) subunits. The GluN1 subunit is required for NMDAR activation and binds to the necessary co-agonists through the amino-terminal domain of the extracellular region. GluN2 subunits are able to bind glutamate specifically and these subunits are different from each other by providing different functional properties of NMDAR. In the NMDAR, GRIN1 codes for GluN1 subunit, GRIN2 codes for GluN2 subunit, and GRIN3 codes for GluN3 subunit (Beesley et al., 2020). Meanwhile, the triheteromer (GluN1/GluN2A/GluN2B) is the main subtype of NMDAR and is widely expressed in the cortex and hippocampus (Luo et al., 1997; Tovar et al., 2013).

Previous studies have shown that glutamate levels increase in the extracellular fluid during seizures in temporal lobe epilepsy (TLE) and glutamate can directly activate NMDAR and induce neuroexcitatory toxicity (Albrecht and Zielińska, 2017). Meanwhile, it has been reported that NMDA, AMPA, and kainite (KA) can induce seizures in animal models, and glutamate receptor antagonists inhibit seizures in animals (Celli and Fornai, 2020). In the PTZ-induced status epilepticus (SE), GluN1, GluN2A, and GluN2B subunits are increased and synaptic plasticity impairs in the hippocampus of rats. Meanwhile, the increase in the GluN2B subunit may result in the decrease of long-term potentiation (LTP; Postnikova et al., 2017). Related studies have shown that GRIN1, GRIN2A, and GRIN2B mutations can lead to epilepsy. In all mutations, GRIN2A variants are associated with neurological diseases including developmental and epileptic encephalopathy, which may be manifested as seizures, mild speech and language delay, and cognitive impairment (Lemke et al., 2013, 2014; Fry et al., 2018). In addition, anti-NMDAR encephalitis, a major type of autoimmune encephalitis (AE), has been reported to be an entity of epilepsy (Leypoldt et al., 2015). In addition to neurotoxicity, NMDARs can also participate in neuroprotection by activating cAMP response element-binding protein (CREB) signals in epilepsy (Wang et al., 2020b).

Owing to its role in brain functional plasticity and neuroexcitatory, the regulation of NMDAR in epilepsy has attracted extensive attention. As noted above, NMDARs have been shown to involve in seizures, but functions and mechanisms of NMDARs in epilepsy appear to be elusive. In clinical study, understanding the function of NMDAR is of great significance for the treatment of epilepsy and AEDs selection. This article reviews the regulatory mechanism of NMDAR and the progress of NMDAR in the occurrence, development, and treatment of epilepsy from various points of view (Figure 1).
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FIGURE 1. Regulation of neuroexcitatory receptor N-Methyl-D-Aspartate Receptor (NMDAR) in epilepsy.





NMDAR AND EPILEPSY


Anti-NMDAR Encephalitis

Anti-NMDAR encephalitis is a major type of AE in which the over-production of NMDAR autoantibodies results in profound neurotransmitter dysregulation, causing seizures and other symptoms such as dysautonomia, orofacial dyskinesia, psychosis, mental status changes, hallucinations, and headaches (Tong et al., 2020). Related studies have shown that approximately 75% of patients with anti-NMDAR encephalitis develop seizures, and refractory status epilepticus (RSE) can lead to neuronal death (Geis et al., 2019). However, the mechanism of anti-NMDAR encephalitis leading to seizures is not fully understood.

NMDARs have been reported to play a role in synaptic homeostasis. Related studies have found that NMDAR autoantibodies could increase extracellular glutamate levels in the brain (Manto et al., 2010). Some findings also have confirmed that NMDAR autoantibodies can result in the internalization of surface NMDARs and the decreasing of receptor density in the patients with anti-NMDAR encephalitis (Hughes et al., 2010; Takahashi et al., 2020). In the patients, NMDAR autoantibodies bind and cross-link to a specific region of NMDARs GluN1, then internalize NMDARs (Gleichman et al., 2012). NMDAR-EphB2 interaction plays a key role in the NMDAR autoantibody-mediated NMDAR internalization. When autoantibodies bind to endogenous NMDARs, the interaction between NMDAR and EphB2 is disrupted, thereby leading to NMDAR internalization and dysfunction, and the reduction of NMDAR-mediated synaptic currents (Hughes et al., 2010; Mikasova et al., 2012). After activation of EphB2, the extracellular domain of EphB2 interacts directly with the GluN1 subunit, thereby stabilizing NMDARs in the synapse (Dalva et al., 2000; Washburn et al., 2020). Meanwhile, a related report has indicated that NMDAR autoantibody interferes with the interaction between NMDARs and EphB2 in cultured hippocampal neurons (Mikasova et al., 2012). In addition, cerebrospinal fluid (CSF) of the patient with anti-NMDAR encephalitis can also result in the reduction of both GluN2A and GluN2B on the synaptic surface and prevent a chemically induced LTP of glutamate synapses (Mikasova et al., 2012). Similar to the anti-NMDAR antibodies-mediated effect, the amino terminal domain (ATD) peptide of GluN1 subunit can also actively immunize against NMDARs and induce anti-NMDAR encephalitis in a mouse model (Ding et al., 2021). A study shows that a single injection of anti-NMDAR antibodies from the patient with anti-NMDAR encephalitis into mice does not induce seizures (Wright et al., 2015). However, injection of anti-NMDAR antibodies in vivo can increase the number of seizures in the PTZ induced-mice model. Moreover, about 75–93% of mice developed epilepsy after long-term infusion of CSF or purified anti-NMDAR antibodies from patients with anti-NMDAR encephalitis (Wright et al., 2015). It is puzzling that the function reduction of NMDAR is more likely to activate the persistent abnormal discharge of neurons, but a specific inhibition of the NMDARs in the GABAergic interneurons can also explain this phenomenon (Manto et al., 2010). NMDAR autoantibodies reduce the excitability of GABAergic interneurons through the interaction with NMDAR, thereby weakening the inhibitory effect on excitatory transduction of glutamatergic neurons (Geis et al., 2019). The disinhibition of excitatory glutamatergic neurons may also account for seizures in anti-NMDAR encephalitis. In addition, it has been found that ketamine, an NMDAR antagonist, may be useful in super-refractory status epilepticus (SRSE) developed in patients with anti-NMDAR encephalitis (Santoro et al., 2019). Despite the profound effect on NMDARs, there is no evidence that NMDAR autoantibodies can alter the localization and expression of other glutamate receptors such as AMPARs, the synaptic protein PSD-95, as well as the number of synapses, or affect the survival of nerve cells in vitro or in vivo models (Huang and Xiong, 2021). In a word, both the activation of NMDARs in glutamatergic neurons and the inhibition of NMDARs in GABAergic interneurons may participate in epileptogenesis and more researches are urgently needed.



NMDAR in Epilepsy

In recent years, NMDAR subunit-encoding genes have been confirmed to be involved in epilepsy and the genetic mutations in NMDARs may cause epilepsy in humans, suggesting that NMDAR is closely related to epilepsy (Xu and Luo, 2018). Besides, impairment of NMDAR signals as a result of genetic or environmental insults leads to a variety of neurodevelopmental disorders, including epilepsy, schizophrenia, intellectual disability, or autism (Mielnik et al., 2021). Meanwhile, NMDAR-mediated excitotoxicity was supposed to participate in neuronal death induced by high levels of glutamate and aspartate in neurological diseases such as epilepsy, stroke, AD, and PD (Fricker et al., 2018; Essiz et al., 2021). This article will review genetic mutations of NMDAR, signaling pathways of NMDAR-mediated excitotoxicity, and NMDAR-dependent neuroprotection in epilepsy.


Genetic Mutations of NMDAR in Epilepsy

GluN1 subunit, the essential subunit of functional NMDAR is encoded by GRIN1, and GRIN1 mutations have a significant effect on neuronal activity, causing various types of epilepsy, including SE, focal dyscognitive seizures, myoclonic seizures, febrile seizures, spasms, hypermotor seizures, tonic and atonic seizures, generalized seizures, etc (Wyllie et al., 2013; Fry et al., 2018). Besides, the epileptic phenotype may contribute to the p. Met641Leu de novo variant in GRIN1 gene, and de novo GRIN1 mutations were gradually recognized to be in association with severe early infantile encephalopathy (Pironti et al., 2018). The common characteristics are extensive bilateral polymicrogyria with intractable epilepsy, cortical visual impairment, postnatal microcephaly, and severe developmental delay in patients with de novo GRIN1 mutations (Fry et al., 2018). Extensive bilateral polymicrogyria is associated with severe developmental delay and intractable epilepsy. At present, a variety of polymicrogyria-associated mutations have been found, including p.Asn674Ile, p.Arg794Gln, p.Arg659Trp, p.Asp789Asn, p.Tyr647Cys, p.Asn650Ile, p.Ala653Gly, p.Leu551Pro, p.Ser553Leu, etc (Fry et al., 2018). In GRIN1 mutations, the mechanisms remained unclear but disrupted gating of the ion channel by p.Gly827Arg mutation and disruption of NMDAR ligand binding by p.Ser688Tyr mutation may be concerned (Zehavi et al., 2017).

Current studies have found that GluN2 subunits may control epileptiform events in the hippocampus (Punnakkal and Dominic, 2018). GRIN2A, which encodes the GluN2A subunits, is widely considered to be epileptogenic. The most common types of seizure caused by GRIN2A mutations include atypical benign partial epilepsy, Landau–Kleffner syndrome (LKS), and benign epilepsy with centro-temporal spikes (BECT; Hanada, 2020). GluN2 subunits mainly regulate the open/close of the NMDARs. GluN2A-containing receptors have a reversible calcium-dependent inactivation, whereas GluN2B does not (Franchini et al., 2020). Meanwhile, GluN2A subunits can regulate neuronal NMDAR-induced microglia-neuron physical interactions (Eyo et al., 2018). Related studies have shown that voltage-independent GluN2A-related NMDAR-Ca2+ signaling is related to audiogenic seizures, attentional and cognitive deficits in mice (Bertocchi et al., 2021). A rare variant of GRIN2A associated with epilepsy disrupts CaMKIIα phosphorylation of GluN2A and NMDAR trafficking, which demonstrates a role of GluN2A for CaMKIIα phosphorylation in receptor targeting and suggests that the defects of NMDAR trafficking are related to epilepsy (Mota Vieira et al., 2020). There were defects of GRIN2A related to epileptiform discharges and transient microstructural brain abnormalities in mice with epilepsy (Salmi et al., 2018). The mutant GluN2A (p.Met817Val)-containing receptors decreased sensitivity to endogenous negative inhibitors (Mg, zinc), prolonged the time of synaptic response, increased the time of single-channel mean open, and the probability of channel open. These acquired GRIN2A mutations lead to overactivation of NMDAR and increase neuronal excitability, which may be related to epileptogenesis observed in patients (Chen et al., 2017). A de novo GRIN2A missense mutation (p.Asp731Asn) in a child with focal epilepsy and acquired epileptic aphasia was reported. However, this mutant reduced NMDAR activation, suggesting that NMDAR hypofunction may also be related to epilepsy pathogenesis (Gao et al., 2017).

GRIN2B mutation is a rare cause of severe epileptic encephalopathy (Sharawat et al., 2019). A related study demonstrated that GRIN2B, BDNF, and IL-1β gene significantly were upregulated and GRIN2B was positively correlated with the expressions of BDNF and IL-1β gene in people with epilepsy (Zhand et al., 2018). Some GRIN2B mutations (p.Val618Gly and p.Asn615Ile) were found in patients with early-onset epilepsy and epileptic encephalopathy (Lemke et al., 2014; Smigiel et al., 2016). Those GluN2B heteromers showed a significant loss of ion-channel block by extracellular Mg2+ and a significant increase of Ca2+ permeability (Lemke et al., 2014). Meanwhile, blocking GluN2B-containing NMDARs can reduce short-term brain injury caused by early-life SE (Loss et al., 2019).

In addition, GRIN2C expression is limited to astrocytes whereas GRIN2D are expressed at high levels in GABAergic interneurons in the hippocampus (Shelkar et al., 2019; Dubois and Liu, 2021). These specific distributions are likely to be highly relevant to mechanisms of epilepsy and dysregulation of glutamatergic signaling. Some GRIN2D variants (p. Thr674Lys, p.Met681Ile, p.Ser694Arg, p, Asp449Asn, p.Val667Ile, p.Ser573Phe, p.Leu670Phe, p.Ala675Thr, p.Ala678Asp, p.Ser1271Leu, and p.Arg1313Trp) have been found in developmental and epileptic encephalopathy (Tsuchida et al., 2018; Jiao et al., 2021). In a novel GRIN2D variant with epileptic encephalopathy, GRIN2D mutation-related epilepsy is found to be refractory to conventional AEDs (Camp and Yuan, 2020; Jiao et al., 2021). However, GRIN2D dominant mutations can cause severe epileptic encephalopathy, which can be treated with NMDAR channel blockers (Li et al., 2016). In epilepsy, we need to further understand the unique characteristics of GRIN2D mutations in neurological function and pathology, which is conducive to the treatment of refractory epilepsy.



NMDAR Mediates Excitotoxicity in Epilepsy

In the CNS, high levels of glutamate induce neuronal death by NMDAR-mediated excitotoxicity (Olney, 1971). Glutamate-induced excitotoxicity is mainly attributed to apoptosis, autophagy, parthanatos, phagocytosis, ferroptosis, apoptosis- inducing factor (AIF), calpain I, mitochondrial permeability transformation (MPT), lysosomal membrane permeability (LMP), and RNS and ROS production (Figure 2; Fricker et al., 2018). Activated NMDARs lead to neuronal depolarization and calcium (Ca2+) loading. The increasing of cytoplasmic Ca2+ can cause the activation of nNOS, calpain I, and MPT pore, eventually leading to neuronal death (Figure 2; Fricker et al., 2018). Overexcitation of NMDAR leads to neuronal death in neurological diseases such as epilepsy, stroke, AD, and PD, and blockade of NMDARs can reduce neuronal death in the brain (Essiz et al., 2021).
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FIGURE 2. NMDAR-mediated excitotoxicity in epilepsy. In neurons, the NMDAR channel is blocked by Mg2+ at neuronal resting membrane potential, and Mg2+ is removed when the membrane is depolarized. Activated NMDAR leads to calcium loading which will cause the activation of nNOS, calpain I, and mitochondrial permeability transformation (MPT) pore and eventually lead to neuronal death. Calpain I can cleave Bid and Bax, leading to the release of apoptosis-inducing factor (AIF) and cytochrome C from the mitochondria. Meanwhile, cytochrome C can induce the activation of caspase, and calpain I can also directly cleave and activate caspases, thus resulting in apoptosis. In addition, AIF is cleaved by calpain I to a tAIF, which translocates to the nucleus and induces DNA cleavage, thereby leading to apoptosis and parthanatos. Activation of calpain can cause lysosomal membrane permeability (LMP), which releases the toxic cathepsin, DNase II, and ROS, thereby resulting in LCD. Meanwhile, HSP70 and calpastatin can resist LMP. Increased Ca2+, ROS, RNS, and low ATP in mitochondrial matrix results in MPT which depends on the opening of mPTP. Cyclosporine A and 3-MA can block MPT. Ca2+ directly activates nNOS, which can catalyze NO and O2− to form ONOO−. ONOO− damages DNA, thereby activating PARP1, resulting in parthanatos. PARP1 is involved in chromosomal stability, DNA repair, and inflammatory responses. PAR, the product of PARP1 activity, induces nuclear translocation of AIF and inhibits HK. Nuclear translocation of AIF requires the involvement of CypA, which binds to AIF and forms CypA-AIF complex after the release from mitochondria, thereby participating in DNA degradation and leading to parthanatos. ARH3 reduces PAR levels in the nucleus and cytoplasm and IDUNA reduces the release of AIF by binding to the PAR polymers and prevents PARP1-induced cell death. LCD, lysosomal cell death; HSP70, heat shock protein 70; HK, hexokinase.




Calpain and Lysosomal Membrane Permeabilization (LMP)

Activated NMDAR leads to Ca2+ influx, which activates calpain. Calpain I is involved in the late phase of neuronal death caused by mitochondrial dysfunction. Calpain I, a cysteine protease highly expressed in neurons, is activated by high levels of Ca2+ in the cytoplasm and can cleave Bid and Bax, leading to the release of AIF and cytochrome C from the mitochondria (Wang, 2000; D’Orsi et al., 2012). Meanwhile, the release of cytochrome C can induce the activation of caspases, and activated calpain I can also directly cleave and activate caspases, thus resulting in apoptosis (Wang, 2000). However, AIF is cleaved by calpain I to a truncated AIF (tAIF), which translocates to the nucleus and induces DNA cleavage, thereby leading to apoptosis and parthanatos (Fricker et al., 2018). In addition, GluN2A subunit-containing synaptic NMDARs preferentially activates calpain I, which is conducive to neuronal survival by selectively degrading the protein phosphatase PHLPP1α and PHLPP1β (Wang et al., 2013). On the contrary, calpain II is selectively activated by GluN2B subunit-containing extrasynaptic NMDARs and calpain II participates in neuronal death by degrading the protein tyrosine phosphatase STEP (Hoque et al., 2016). Further studies are needed to clarify the role of these two isoforms of calpains in excitotoxic neuronal death.

Activated calpain can also cause LMP, thereby releasing the toxic cathepsin into the cytoplasm and leading to lysosomal cell death (LCD), also known as autolysis in neurodegenerative diseases (Fricker et al., 2018). It has been found that ischemia can induce calpain I to be localized in lysosomes and cause neuronal LMP (Yamashima et al., 1998; Windelborn and Lipton, 2008). Meanwhile, multiple stimuli can also induce LMP, release cathepsin, and induce cell death through a variety of pathways. However, activated NMDAR may also lead to LMP, which is dependent on the activation of calpain (Yan et al., 2016). Activated calpain I can also cleave and inactivate Na+/Ca2+ exchangers in the plasma membrane of the nerve cells during neuroexcitatory toxicity, thereby leading to calcium overload and necrosis (Bano et al., 2005). Thus, calcium overload and neuronal death can be effectively inhibited by inhibiting calpain. In addition, the absence of calpastatin, a natural calpain inhibitor expressed in neurons, makes neurons more susceptible to excitotoxicity, and its overexpression inhibits neuronal death attributed to excitotoxicity (Descloux et al., 2015). Meanwhile, heat shock protein 70 (HSP70) also stabilizes lysosomes to resist LMP (Aits and Jäättelä, 2013). In conclusion, NMDAR can promote activation of calpain and LMP, while inhibition of calpain and LMP may be an effective method to reduce neuronal death caused by NMDAR-mediated excitotoxicity in epilepsy.



Mitochondrial Permeability Transition (MPT)

Activated NMDARs can also result in MPT by Ca2+ influx, involved in neuronal death. MPT is characterized by a significant increase in the permeability of the inner mitochondrial membrane with increased Ca2+ concentration, which eventually leads to oxidative phosphorylation decoupling, depletion of cell energy, and necrotic cell death. MPT largely depends on the opening of mitochondrial permeability transition pore (mPTP; Fricker et al., 2018). However, increased Ca2+ concentration in the mitochondrial matrix is an important factor leading to the opening of mPTP. In addition, it is also closely associated with ROS and RNS, the decreasing of ATP, the decreasing of mitochondrial membrane potential, and intracellular acidification (Fricker et al., 2018). The opening of mPTP leads to the depolarization of the inner mitochondrial membrane, the reduction of ATP production and the increasing of ATP consumption, the rupture of the mitochondrial membrane and the release of cytochrome C and cytochrome G, eventually causing irreversible cellular respiratory arrest and cell death (El-Mir et al., 2008; Fricker et al., 2018). Activated NMDARs can induce MPT by increasing Ca2+, ROS, and RNS in neurons, while cyclosporine A can reduce neuronal death by blocking MPT (Schinder et al., 1996). Meanwhile, MPT is also inhibited by 3-methyladenine (3-MA), an inhibitor of autophagosome formation, which can inhibit kinases to regulate neuronal survival and death (Xue et al., 2002). Correlative experimental data showed that cyclosporine A had different protective effects on excitotoxicity induced hippocampal nerve cell death (Santos and Schauwecker, 2003). Thus, blocking the opening of mPTP by cyclosporine A or the gene knockout of cyclophilin D can partially prevent neuronal death caused by excitotoxicity. In addition, studies have shown that high levels of Ca2+, ROS, and low levels of ATP in the cytoplasm can promote MPT in the brain of epilepsy, and ketone bodies also mediate antiepileptic effects through MPT (Kim et al., 2015). These studies suggest that MPT may play an important role in the occurrence and treatment of epilepsy.



Parthanatos

Ca2+ enters the cytoplasm by activating NMDARs and directly activates nNOS which is significantly expressed in the cytoplasm of some GABAergic neurons of the hippocampus and cortex. Activated nNOS can catalyze the reaction of NO with O2−, thereby producing peroxynitrite (ONOO−), which interacts with DNA, lipids, and proteins through a direct oxidative stress response, leading to parthanatos or apoptosis (Figure 2; Conrad et al., 2016; Ivanova V. et al., 2020). Parthanatos is an important form of cell death, characterized by dependence on the overactivation of the nuclear protein PARP1 after DNA damage and ROS production (Virág et al., 2013).

Related studies have shown that glutamate is involved in inducing neuronal injury through the activation of PARP-1 and generation of poly-ADP-ribose (PAR) polymer, thereby participating in parthanatos (Andrabi et al., 2011). In brief, activated NMDARs can promote ONOO− production by activating nNOS, which damages DNA and activates PARP, eventually resulting in parthanatos.

As is well-known, PARP1 and PARP2 are involved in chromosomal stability, DNA repair, and inflammatory responses (Curtin and Szabo, 2013). In PARP-dependent death, activated PARP1 results in production and NAD+ depletion. The direct interaction between AIF and PAR promotes the nuclear translocation of AIF, which leads to chromatin degradation (Andrabi et al., 2008; Wang et al., 2011). Meanwhile, PAR is the product of PARP1 activity and also induces nuclear translocation of AIF by inhibiting hexokinase (HK; Wang et al., 2009). Overactivated PARP1 leads to NAD+ depletion that further disrupts cellular metabolic processes and promotes cell death (Alano et al., 2010). Nuclear translocation of AIF also requires the involvement of cyclophilin A (CypA), which binds to AIF after the release from mitochondria and forms CypA-AIF complex, thereby participating in DNA degradation under various cellular stress conditions, such as cerebral hypoxia-ischemia and traumatic brain injury (TBI; Zhu et al., 2007; Farina et al., 2017). Related studies have shown that inhibiting the formation of the CypA-AIF complex can reduce glutamate-induced HT22 hippocampal cell death (Doti et al., 2014). The release of AIF in mitochondria may also be associated with calpain, BH3-only protein Bid, and BNIP3 (Fricker et al., 2018). In addition, PAR levels are also regulated by the ADP-ribosyl-acceptor hydrolase 3 (ARH3), which reduces PAR levels in the nucleus and cytoplasm (Mashimo et al., 2013). Meanwhile, the protein IDUNA, also known as E3 ubiquitin protein ligase RNF146, binds to the PAR polymers, thereby reducing the release of AIF and preventing PARP1-induced cell death (Andrabi et al., 2011).

Glutamate acting on NMDAR induces neuronal injury through activation of PARP-1 and generation of PAR polymer (Andrabi et al., 2011). There is currently considerable evidence supporting the role of parthanatos in a variety of neurological disorders including epilepsy, stroke, PD, and TBI, and the inhibition of PARP-1 and PARP-2 can reduce nuclear translocation of AIF and increase neuroprotection (D’Orsi et al., 2016; Xu H. et al., 2019; Dionísio et al., 2021; Koehler et al., 2021). Related studies have found that the formation of the neuronal AIF-CypA complex is considered to be the main target for the recovery of ischemia-stroke injury (Farina et al., 2018). However, in the hippocampal neuronal culture (HNC) model of acute acquired epilepsy, activation of PARP-1 is thought to be a major cause of caspase-independent cell death (Wang S. et al., 2013). Meanwhile, PARP-1-mediated mitochondrial dysfunction promotes neuronal damage in the hippocampus after SE (Lai et al., 2017). In addition, inhibition of PARP-dependent cell death pathways has been shown to prevent seizure-induced neuronal damage (D’Orsi et al., 2016). In epilepsy, activated NMDAR may damage DNA and activate PARP. Thus, blocking PARP-dependent cell death pathways may be a way to mitigate NMDAR-mediated excitotoxicity in epilepsy.



Other Signaling Pathways in NMDAR-Mediated Excitotoxicity

In addition to the signaling pathways described above, NMDAR regulates nerve cell death through other pathways. Activated NMDAR can promote the NADPH oxidase (NOX) to produce O2− in neurons, leading to neuronal death. A related study has shown that seizures are induced by NMDAR-mediated activation of NOX-induced oxidative stress and can be arrested by NOX inhibition (Malkov et al., 2019). Meanwhile, activated NMDAR increases c-Jun abundance in several neurodegenerative disorders and following ischemia and SE. Phosphorylated c-Jun is transcriptionally active and can induce apoptosis by upregulation of cell death-inducing genes or by downregulating anti-apoptotic genes (Kravchick et al., 2016). In addition, NMDAR overactivation activates NF-κB signaling to promote IL-1β and IL-6 macrophage marker expression. NMDAR silencing and calpain inhibition reduce inflammatory responses (Cheng et al., 2020). It has been reported that glutamate can reduce the insulin-like growth factor-1 (IGF-1) signal through GluN2B-containing NMDAR in cultured cortical neurons, which is considered to be a new mechanism of glutamate-induced neurotoxicity (Zhao et al., 2020). In epilepsy, increased IGF-1 levels after recurrent hippocampal neuronal discharges might promote seizure by IGF-1R-dependent signaling pathways (Jiang et al., 2015). However, the previous role of the NMDAR-IGF-1 signal is unappreciated in the development of seizure activity.




NMDAR-Dependent Neuroprotection in Epilepsy

Ca2+ influx could stimulate and induce cell death, but it is also in association with NMDAR-dependent neuroprotection (Wang et al., 2020b). Ca2+ entering the cytoplasm via synaptic NMDAR causes an increase of nuclear Ca2+ (Wang et al., 2020b). Nuclear Ca2+ is one of the most effective activators of neuronal gene expression, and nuclear Ca2+ can regulate about 200 neuronal genes in hippocampal neurons (Zhang et al., 2007, 2009). The CREB is a signal-regulating transcription factor that plays a critical role in neuronal survival, synaptic plasticity, neurogenesis, learning, and memory. Activated NMDAR results in translocation of CREB regulators from synapse to nucleus (Hardingham and Bading, 2010). In hippocampal neurons, CREB-dependent gene expression was associated with neuroprotection against apoptosis and excitatory damage, which depends on the nuclear Ca2+ signaling (Papadia et al., 2005). However, some studies have also shown that activated extrasynaptic NMDARs can promote the shutdown of CREB, thereby causing mitochondrial membrane potential loss and cell death. Meanwhile, activated synaptic NMDARs activate only the CREB pathway and do not activate apoptosis (Hardingham and Bading, 2010; Franchini et al., 2020).

Synaptic NMDAR activity can activate CREB-dependent gene expression by a variety of signal pathways (Figure 3). CREB phosphorylates at serine-133 in order to recruit its co-activator CREB binding protein (CBP). Phosphorylation of CREB is mediated by the fast-acting nuclear Ca2+/CaMK pathway and the slower acting, longer lasting Ras-ERK1/2 pathway, both of them are promoted by activation of synaptic NMDARs (Hardingham and Bading, 2010). Nuclear Ca2+-dependent CaMKIV/CaMKII phosphorylates CBP at serine-301. Meanwhile, CBP is also phosphorylated by the Ras-MEK-ERK1/2 pathway or the CaMKII/PKC/PKA-ERK1/2 pathway (Cortés-Mendoza et al., 2013; Lyu et al., 2020). Nuclear translocation of the transducer of regulated CREB (TORC) activity is a key step in CREB activation. Synaptic NMDAR-induced Ca2+ signals promote TORC import into the nucleus by calcineurin (CaN)-dependent dephosphorylation (Screaton et al., 2004; Kovács et al., 2007). TORC also acts at least in part by assisting in the recruitment of CBP to CREB. Meanwhile, CREB-regulated transcription coactivator 1(CRTC1) can also dephosphorylate at Ser-151 and is recruited from cytoplasm to the nucleus, where it competes with FXR (fed-state sensing nuclear receptor) for binding to CREB and drives autophagy gene expression (Pan et al., 2021). Some studies have shown that Ca2+ influx activates CREB through TRPC6, which is an important transcription factor linked to neuronal survival. Activated TRPC6 may inhibit neuronal NMDAR activity through the post-translational means to combat glutamate-induced excitotoxic damage (Shekhar et al., 2021). Finally, CREB can also be activated through the PI3K-AKT-GSK3β pathway and play a neuroprotective role in the hippocampus. GSK-3β deletion also inhibits the activity-dependent neural activation and Ca2+/CaMKIV/CaMKII-CREB signaling (Liu et al., 2017; Srivastava et al., 2018). Related studies have shown that the epileptogenesis of pilocarpine-induced medial temporal lobe epilepsy (MTLE) is associated with abnormal regulation of NMDAR-mediated excitatory neuronal mechanisms and neuronal activity regulated by Ca2+/CaMK signaling (Canto et al., 2021).
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FIGURE 3. NMDAR -Ca2+-CREB signaling pathways in neuroprotection. NMDAR activity can activate CREB-dependent gene expression. CREB must be phosphorylated at serine-133 in order to recruit its co-activator CREB binding protein (CBP). Phosphorylation of CREB is mediated by the fast-acting nuclear Ca2+/CaMK pathway and the slower acting, longer lasting Ras-ERK1/2 pathway, both of which are promoted by activation of synaptic NMDARs. (1) Nuclear Ca2+-CaM-CaMKIV/CaMKII-CREB: nuclear Ca2+-dependent CaMKIV/CaMKII phosphorylates CBP at serine-301. (2) ERK1/2-CREB: CBP is also phosphorylated by Ras-MEK-ERK1/2 pathway or CaMKII/PKC/PKA-ERK1/2 pathway. CREB phosphorylated at serine-133 recruits its CBP. In addition, nuclear translocation of TORC activity is a key step in CREB activation. (3) Ca2+-TORC-CREB: synaptic NMDAR-induced Ca2+ signals promote TORC import into the nucleus by CaN-dependent dephosphorylation. TORC acts at least in part by assisting in the recruitment of CBP to CREB. (4) Ca2+-CRTC1-CREB: CRTC1 dephosphorylates at Ser-151 and is recruited from cytoplasm to the nucleus, where it competes with FXR for binding to CREB and drives autophagy gene expression. (5) Ca2+-TRPC6-CREB: Ca2+ influx through TRPC6 activates CREB, an important transcription factor linked to neuronal survival. (6) PI3K-AKT-GSK3β-CREB.



The gene of neurotrophin BDNF is regulated by nuclear Ca2+-CREB signaling (Favaron et al., 1993; Hardingham and Bading, 2010). NMDAR activation increases the release of BDNF, which protects neurons from damage caused by NMDAR blockade (Fabbrin et al., 2020; Lian et al., 2021). Some studies have shown that improving mitochondrial dynamics and increasing the activity of the NMDAR-CREB-BDNF pathway could ameliorate synaptic function and neuronal survival in SAMP8 mice (Lian et al., 2021). Synaptic NMDARs and extrasynaptic NMDARs have different physiological functions. Activated synaptic NMDARs lead to phosphorylation and activation of CREB, while activated extrasynaptic NMDARs inhibit CREB pathway (Hardingham and Bading, 2010). ERK1/2 pathway also promotes CREB activation and inactivates the pre-death protein BAD, which is associated with NMDAR-dependent neuroprotection (Hetman and Kharebava, 2006). In addition, nuclear factor I subtype A (NFIA), an NMDAR-dependent activation of other neuroprotective factors, may not be associated with the increase of nuclear Ca2+, but its activation depends on the ERK1/2 pathway and nNOS (Zheng et al., 2010).

The NMDAR-CREB-BDNF pathway plays an important role in inhibiting epileptic seizures (Yu et al., 2019; Sharma et al., 2021). Recent studies have indicated that CREB is involved in the etiology of epilepsy (Wang G. et al., 2020). In the KA-induced epilepsy model, CREB is considered to be one of the main upstream transcription factors regulating gene expression and is closely related to the severity of epilepsy (Conte et al., 2020). Meanwhile, recent studies have shown that CREB reduces oxidative neuronal damage in TLE associated with cognitive impairment (Xing et al., 2019). In addition, microRNA-204 also inhibits the epileptiform discharge of hippocampal neurons in vitro by regulating TrkB-ERK1/2-CREB signaling (Xiang et al., 2016). NMDAR mediates CREB-dependent gene expression, which is closely associated with neuroprotection against apoptosis and excitatory damage, so the study of the regulatory mechanism of the NMDAR-CREB pathway in epilepsy is conducive to the neuroprotection of the epileptic brain. However, the regulatory mechanism of the NMDAR-CREB pathway in epilepsy is not entirely clear and needs further exploration.





THE REGULATION OF NMDAR IN EPILEPSY

Although NMDAR affects the occurrence of epilepsy through a variety of mechanisms, it is also regulated by a variety of factors. Activation of the NMDAR is a cooperative process, which depends on: (1) the relief of Mg2+ block of the ion channel pore; (2) depolarization of the postsynaptic membrane; and (3) the agonist glutamate, and co-agonists (glycine, D-serine; Jorratt et al., 2021). In addition, the expression and function of NMDAR are also affected by the expression and transcription process of related NMDAR genes, microRNAs, related proteins, and signaling pathways. On this basis, we will discuss a variety of factors for the regulation of NMDARs in the occurrence, development, and treatment of epilepsy (Tables 1, 2).

TABLE 1. The regulation of NMDAR in epilepsy.
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TABLE 2. Regulation of microRNAs on NMDARs in nervous system.
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NMDAR Antagonists

NMDAR antagonists play an important role in the treatment of epilepsy. NMDAR antagonists enhance the anticonvulsant effect of lithium chloride on PTZ-induced clonic seizures in mouse (Ghasemi et al., 2010). Animal studies have suggested NMDAR antagonists may become more effective with seizures lasting longer after the failure of the first line therapies (Sánchez Fernández et al., 2019). In addition, the latter epilepsy patients might respond to positive allosteric modulators of the NMDARs (Zhu and Paoletti, 2015).


Ketamine

Ketamine is a noncompetitive NMDAR antagonist and blocks Ca2+ influx by binding to phencyclidine-binding sites of NMDAR. Meanwhile, it is used for evidence of clinically RSE and SRSE (Borsato et al., 2020). Ketamine induces developmental neurotoxicity by inhibiting the expression of NMDAR and increasing the sensitivity of neurons to glutamate excitotoxicity, thereby leading to deregulation of Ca2+ signaling and triggering oxidative stress and even mitochondrial apoptosis pathways in neurons. Ketamine significantly upregulates the GluN1 subunit of NMDAR in the frontal cortex, thereby triggering neuronal apoptosis (Liu et al., 2011). Meanwhile, mitochondrial dysfunction and oxidative stress in the hippocampus of rats exposed to ketamine are associated with down-regulation of the ERK signaling cascade (Huang et al., 2012; Li et al., 2017). In addition, ketamine induces apoptosis through the mechanism associated with caspase-1-dependent pyroptosis in the hippocampus (Ye et al., 2018). Ketamine also aggravated cognitive impairment and hippocampal neurodegeneration through the ROS/HIF-1α pathway (Yan et al., 2014). However, ketamine inhibits lipopolysaccharide-mediated BV2 microglia inflammation by blocking NMDARs (Lu et al., 2020). It has been shown that ketamine inhibits the NOX2 activation to produce ROS of the mice brain in pilocarpine-induced epilepsy (Tannich et al., 2021). Ketamine-midazolam therapy can reduce the severity of seizures and improve brain pathology in plasma carboxylesterase knockout mice (Marrero-Rosado et al., 2020). A low dose of ketamine can reduce the behavioral changes in pilocarpine-induced epilepsy mice (Tannich et al., 2020).

In clinical studies, ketamine was used in the treatment of RSE and SRSE (Samanta, 2020). Ketamine treatment is associated with a decrease in seizure burden in patients with SRSE (Alkhachroum et al., 2020). Midazolam-ketamine-valproate therapy is significantly more effective than midazolam-fosphenytoin-valproate therapy in seizure reduction (Niquet et al., 2017). Meanwhile, the combination of ketamine-midazolam can reduce the severity of epilepsy, epileptogenesis, and neuropathology in cholinergic-induced SE (Lumley et al., 2021). And ketamine is also used in anti-NMDAR encephalitis-associated RSE (Santoro et al., 2019). Severe epileptic encephalopathy caused by GRIN2D mutations can be treated with NMDAR channel blockers (ketamine, magnesium; Li et al., 2016).



Memantine

Different NMDAR subunit gene mutations also have different responses to NMDAR antagonists. it was reported that a 9-year-old boy with severe early-onset epileptic encephalopathy caused by a GRIN2A missense mutation was trialed on memantine and a significant reduction in seizure frequency was revealed (Pierson et al., 2014). Whereas, another study showed that no seizure reduction was found in patients with GRIN2B mutation-related encephalopathy treated by memantine despite improved consciousness, behavior, and sleep (Platzer et al., 2017). In addition, a combination of memantine and cathodal direct current stimulation (cDCS) suppressed KA-induced seizures (Sun et al., 2020). Thus, early identifying the location and type of NMDAR subunit gene mutation in epilepsy has guiding significance for the selection of AEDs.




Magnesium (Mg)

The NMDAR ion channel pores are permeable to Ca2+ but can be blocked by Magnesium ion (Mg2+) in a strongly voltage-dependent manner, which makes them largely inactive at resting voltages, even in the presence of agonists (Mayer et al., 1984; Nikolaev et al., 2021). Activation of the NMDAR is a cooperative process, which depends on the relief of the Mg2+ block of the ion channel pore (Mg2+ is removed into the extracellular compartment from the channel pore; Hou et al., 2020; Jorratt et al., 2021). The NMDAR channel is blocked by Mg2+ at neuronal resting membrane potential, and Mg2+ is removed when the membrane is depolarized (Jorratt et al., 2021; Li et al., 2021). In addition, non-competitive NMDAR ion channel blockers such as MK-801 mainly bind to ion channels of TMD. Since Mg2+ normally blocks this channel, the binding of MK-801 requires NMDAR activation and depolarization to release Mg2+ (Wong et al., 2021). A relevant study has shown that Mg2+ influx, dependent on NMDAR opening, can transduce a signaling pathway to activate CREB in neurons (Hou et al., 2020). Magnesium sulfate is a neuroprotective agent in clinical practice. By noncompetitively blocking NMDARs, magnesium sulfate can inhibit glutamatergic signaling, thereby altering Ca2+ influx, leading to reduced excitotoxicity (Elsayed et al., 2021). In vitro, TLE cell model is often established by treating primary hippocampal cells with magnesium-free extracellular fluid. Transient culture of hippocampal neurons in magnesium-free induces rhythmic and synchronous epileptiform-like activity (Mele et al., 2021).

The low-affinity binding site of Mg2+ is located deep in the ion channel and is modulated by the NMDAR subunit. Related studies have shown that NMDAR complexes formed by GluN2A or GluN2B subunits have a higher affinity for Mg2+ than those containing GluN2C or GluN2D (Monyer et al., 1994). Due to different GluN2 subunits, NMDAR has different sensitivity to Mg2+ (Valdivielso et al., 2020). An important feature of the GluN2 subunits is that GluN2A and GluN2B subunits are more sensitive to voltage-dependent Mg2+ blocking than GluN2C and GluN2D subunits (Qian et al., 2005). Meanwhile, the GluN2C subunit contributes to a lower threshold for Mg2+ block and influences NMDAR agonist activity (Intson et al., 2020). Compared to GluN1/GluN2D receptors or other NMDAR subtypes, GluN1/GluN2C receptors exhibit higher blockade with ketamine in the presence of Mg2+(Shelkar et al., 2019). The human NMDAR GluN2A variant influences channel blocker potency. A novel genetic variant of GRIN2A has been identified in patients with epileptic encephalopathy altering residues located in the NMDAR ion channel pore and significantly reducing Mg2+ blockade and channel conductance (Marwick et al., 2019). In functional studies, the GRIN2A mutation decreased the potency of endogenous negative modulators, including magnesium and zinc (Fernández-Marmiesse et al., 2018). In addition, missense mutations of GRIN2B also alter NMDAR ligand binding and ion channel properties. GRIN2B mutants showed decreased glutamate potency, increased NMDAR desensitization, and disappearance of voltage-dependent Mg2+ block (Fedele et al., 2018). Meanwhile, Mg2+ deficiency down-regulated GluN2B subunits expression in cultured hippocampal slices (Zhou et al., 2021). In addition, presynaptic release and postsynaptic transporter transport zinc (Zn) to different microdomains to regulate NMDAR neurotransmission. Meanwhile, zinc inhibits synaptic NMDARs, which depend on the binding of GluN2A to zinc transporter ZnT1(Krall et al., 2020). In conclusion, Mg2+ plays an important role in the pathogenesis of epilepsy. The most prominent of these is voltage-dependent block of the NMDAR channel by Mg2+.



Amino Acids


Glutamate

It is widely believed that the imbalance between excitatory and inhibitory neurotransmission leads to hyperexcitability of neuronal circuits, which is the basis of the process of epileptogenesis (Alcoreza et al., 2021). Glutamate is an excitatory neurotransmitter in the brain involved in various neural functions and metabolic processes of the CNS (Wang et al., 2020b). NMDAR is one of the excitatory receptors that glutamate acts on directly and may lead to diseases such as epilepsy, stroke, AD, and PD (Essiz et al., 2021). On the one hand, glutamate can be directly synthesized de novo by astrocytes in the brain. On the other hand, glutamate can also be produced indirectly with glucose molecules through the action of pyruvate dehydrogenase and pyruvate carboxylase in astrocytes (Schousboe et al., 2014). Meanwhile, extracellular glutamate can be transferred to astrocytes by excitatory amino acid transporter 2 (EAAT2) and then converted to glutamine by glutamine synthetase (GS). Glutamine is transported by astrocytic glutamine transporter-5 (SNAT-5) to the extracellular environment, where it can then be transferred to neurons by astrocytic glutamine transporter-1 (SNAT-1; Danbolt, 2001). In the pre-synaptic neurons, phosphate-activated glutaminase (PAG/GLS-1) converts inactive glutamine to glutamate, which is repackaged into synaptic vesicles and released into the synaptic cleft and directly acts on the NMDAR in the post-synaptic neurons, thus activating NMDAR (Limón et al., 2021). In a word, the glutamate and glutamine cycle in astrocytes and neurons is called the glutamate-glutamine cycle (Figure 4).
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FIGURE 4. Regulation of NMDARs by D-serine and glutamate. (1) Glutamate can directly act on NMDAR, and the glutamate-glutamine cycle is involved in the regulation of NMDAR. Glutamate-glutamine cycle: glutamate can be directly synthesized de novo by astrocytes or indirectly produced from glucose molecules through the actions of pyruvate dehydrogenase and astrocyte-specific enzyme pyruvate carboxylase in the brain. Meanwhile, extracellular glutamate can be transferred to astrocytes by ETTA2 (GLT-1) and then converted to glutamine by glutamine synthetase (GS). Glutamine is transported by SNAT-5 to the extracellular environment, where it can then be transferred to neurons by SNAT-1. In the neuron, glutamine is degraded by PAG into glutamate and ammonia. Glutamate enters the synaptic vesicles in the pre-synaptic neurons and then is released from the pre-synaptic membrane into the synaptic cleave. It directly acts on the NMDAR in the post-synaptic neurons, thus activating NMDAR. (2) In addition to glutamate, activation of NMDAR also requires the binding of D-serine at the glycine binding site. SR converts L-serine to D-serine in the neuron, while DAAO catalyzes the breakdown of d-serine in the astrocyte. D-serine is released from neurons by Asc-1, which mediates D-serine efflux in exchange for external amino acid substrates. L-serine can be directly synthesized de novo in astrocytes. Through orchestrated Asc-1 and ASCT1 subtypes, L-serine from astrocytes enters the neuron and is catalyzed by SR to produce D-serine.



Astrocyte dysfunction can alter glutamate homeostasis, leading to neuroexcitatory toxicity (Niciu et al., 2012). Excessive glutamate can cause neuroexcitatory toxicity after being released into the synaptic cleft, and excess glutamate needs to be cleared quickly in the brain (Schousboe et al., 2014). However, due to the absence of extracellular enzymes, the uptake of extracellular glutamate mainly relies on EAATs which are located in the plasma membranes of neurons and glia (Zhang et al., 2016). Meanwhile, astrocytes can also completely enclose the glutamate synapse to quickly clear glutamate from the synaptic cleft (Alcoreza et al., 2021). Once glutamate enters the astrocyte, it is converted to glutamine and returned to the neuron by the glutamate-glutamine cycle (Alcoreza et al., 2021). In addition, over-activated astrocytic NMDARs could lead to the release of many other molecules that are likely to be relevant. Astrocyte GluN2A regulates nerve growth factor β (β-NGF) synthesis, maturation, and secretion by regulating pNF-κB, Furin, and VAMP3.

It is found that the neuroprotective role of astrocytic GluN2A in the promotion of synapse survival is by regulating these molecules (Du et al., 2021). Both glutamate and quinolinic acid (QUIN) could activate astrocytic NMDARs, which stimulate Ca2+ influx into the cell and can result in dysfunction and death of astrocytes (Lee et al., 2010).



D-Serine

In addition to glutamate, the activation of NMDAR also requires the binding of a co-agonist at the glycine binding site. Originally similar to glycine, D-serine can also control the activation of NMDAR by binding to the receptor’s glycine binding site in the brain (Figure 4; Mothet et al., 2015). Recent studies have indicated that the expression of D-serine and NMDAR is closely related to intractable epilepsy (Zhu and Paoletti, 2015). The review investigated the regulation of NMDAR by D-serine in CNS diseases, including epilepsy.

D-serine is the main endogenous co-agonist of NMDARs, which is significantly dependent on the activity of the metabolic enzyme d-amino acid oxidase (DAAO) and serine racemase (SR). In the brain, DAAO catalyzes the decomposition of D-serine, while the cytoplasmic enzyme SR converts L-serine to D-serine (Takagi et al., 2021). SR is mainly found in neurons, that catalyzes the reversible racemization of L-serine and D-serine (Raboni et al., 2019). On the one hand, D-serine is released from the neuron via a plasma membrane transporter (ASC-1/SLC7A10), which mediates D-serine efflux. On the other hand, astrocytes synthesize SR substrate L-serine, which is transferred to neurons through a mechanism of serine shuttle to participate in neuronal D-serine synthesis. L-serine synthesized by astrocytes is dependent on the activity of 3-phosphoglycerate dehydrogenase (PHGDH), which is the key to de novo synthesis of L-serine and activation of NMDAR (Neame et al., 2019). Clinically, serine deficiency patients present with severe neurological symptoms, including intractable epilepsy, which suggests the relevance of serine to brain development and morphogenesis (Murtas et al., 2020). Although the activity of SR and DAAO is important for the regulation of D-serine levels, the regulatory mechanisms of SR and DAAO are not fully understood in epilepsy.

DAAO selectively catalyzes the oxidative deamination of natural D-serine to produce imino acid, which is naturally hydrolyzed to the corresponding α-keto acids and ammonia (Pollegioni et al., 2018). Related research has confirmed that inhibition of DAAO can lead to increased D-serine in the brain, thereby regulating a variety of neurophysiological functions including cognitive behavior (Nagy et al., 2020). Meanwhile, it was also found that NMDAR antagonists (MK801 and cocaine) could increase the release of glutamate and decrease the expression of SR and DAAO. However, D-serine and antipsychotics did not modulate the levels of SR and DAAO (Takagi et al., 2021). In addition, the neuroprotective effect of DAAO is also mediated by the ERK1/2 signal pathway (Zhang X. et al., 2020).

In the brain, SR is mainly in excitatory neurons and GABAergic inhibitory interneurons, and is only weakly expressed in astrocytes (Billard, 2018). Through the coordinated activities of ASC-1 and ASCT1 subtypes, D-serine is released and binds with NMDAR to perform neurophysiological functions (Sason et al., 2017; Billard, 2018; Kaplan et al., 2018). The deletion of SR affects the balance of excitatory and inhibitory in the hippocampal CA1 network (Ploux et al., 2020). In addition, related research has found that PKC phosphorylates SR on serine residues and reduces the activity of SR in vitro. Similarly, activated PKC also increases SR phosphorylation and decreases the levels of D-serine in the rat frontal cortex (Vargas-Lopes et al., 2011). Therefore, PKC-mediated SR phosphorylation may be important for the activation of NMDARs.

In fact, the specific degradation of D-serine by the enzyme DAAO and the genetic deletion of SR significantly altered the activation of NMDAR. D-serine plays a key role in regulating the functional plasticity of many synapses in the brain (Billard, 2018). Related studies have found that the beneficial effects of D-serine supplementation may reflect that D-serine levels decreased significantly with age, as supported in the hippocampal trial. Interestingly, this decline of D-serine is also found in human plasma levels (Potier et al., 2010). In addition, in addition to affecting synaptic plasticity and synaptogenesis, dysregulation of D-serine metabolism may also enhance NMDAR-dependent excitotoxicity and promote cognitive impairment and neurodegeneration (Beltrán-Castillo et al., 2018). Therefore, the synaptic availability of D-serine and the preservation of SR activity are critical for maintaining strong cognitive abilities in the brain.

D-serine and NMDAR were found to be significantly upregulated in patients with intractable epilepsy (Zhang et al., 2021). Therefore, the D-serine signal pathway may be a potential target for epilepsy therapy. Endogenous D-serine deficiency may lead to decreased inhibition of the hippocampal CA1 network and altered excitatory/inhibitory balance. besides, D-serine contributes to maintaining cognitive abilities and functional plasticity of synapses (Ploux et al., 2020). Related studies have shown that intracranial injection of D-serine into the medial entorhinal area (MEA) in the TLE is beneficial to prevent neuronal loss and epileptogenesis by rescuing hippocampal CA1 neurons in the epileptic brain and reducing the number of astrocytes and microglia, thus alleviating the effect of neuroinflammation (Beesley et al., 2021). Therefore, D-serine might be a potential therapy target via regulating NMDAR in epilepsy, and more studies are needed in the future.




Epigenomics

DNA methylation is a crucial epigenetic mark for activity-dependent gene expression in neurons. It has been shown that the levels of DNA methyltransferase 3A1 (DNMT3A1) in neurons are closely controlled by the activation of NMDAR-containing GluN2A subunits (Bayraktar et al., 2020). Interestingly, synaptic NMDARs drive methyltransferase degradation in a ubiquitin-like dependent manner. The binding of NEDD8 ubiquitin-like protein to lysine residues inhibits ubiquitination, thereby blocking DNMT3A1 degradation (Bayraktar et al., 2020). Defects in promoter methylation of these activity-dependent genes may be related to synaptic plasticity and memory formation (Bayraktar et al., 2020). Overall, the activity-dependent DNA methylation is regulated by GluN2A-containing NMDAR signals to participate in memory formation. Meanwhile, NO produced by NMDAR activation can also up-regulated DNA methyltransferase 3B (DNMT3B) in the hippocampus (de Sousa Maciel et al., 2020). A related analysis showed that both GluN2B expression levels and histone H3K9 acetylation of GRIN2B gene promoter were positively correlated with ethanol withdrawal syndrome (EWS; Li et al., 2019). In addition, the changes of GRIN2B promoter methylation may be associated with cognition reduction and glutamatergic dysfunction in schizophrenia (Fachim et al., 2019). Meanwhile, this epigenetic change leads to upregulation of functional NMDAR and abnormal neuronal differentiation (D’Aiuto et al., 2011). In addition, NMDAR expression is also regulated by histone methylation in the brain. Histone methyltransferases targeting histone H3-lysine 9 residues, including Setdb1 (Set domain, bifurcated1)/Eset/Kmt1e, are closely related to inhibition of chromatin remodeling in the adult brain. Meanwhile, the inhibition of Setdb1-mediated histone methylation at GRIN2B is associated with decreased expression of GluN2B (Jiang et al., 2010).

In epilepsy, control of epigenetic of epilepsy target genes contributes to cellular memory of epileptogenesis in cultured rat hippocampal neurons (Kiese et al., 2017). In cultured neurons, the altered gene expression and epigenetic modifications can be rescued by blocking action potential propagation or inhibiting glutamatergic activation (Kiese et al., 2017). The epigenetic modification of epileptic target genes and cellular memory of epileptogenesis, which can transform normal neurons and circuits into pro-epileptic neurons and neural circuits (Kiese et al., 2017). SE can also lead to abnormal expression of GRIN2B and BDNF genes in the hippocampus in TLE (Ryley Parrish et al., 2013). In the epileptic hippocampus, GRIN2B DNA methylation levels were increased and BDNF DNA methylation levels were decreased, which led to decreased mRNA and protein expression of GluN2B and increased mRNA and protein expression of BDNF. Meanwhile, suppressive DNMT can increase excitatory postsynaptic potential in hippocampal slices of epileptic rats (Ryley Parrish et al., 2013). Therefore, GluN2B DNA methylation may be an early SE-induced event that persists into late epilepsy in the hippocampus and promotes changes of gene expression in TLE. In addition, leukemia-related AF9/MLLT3 mutations are involved in neurodevelopmental disorders such as epilepsy and ataxia (Büttner et al., 2010). Meanwhile, AF9 is found to be an active epigenetic modifier by increasing the expression of GluN1 subunits during the generation of cortical projection neurons (Büttner et al., 2010).

In conclusion, the epigenetic regulation of NMDAR and epilepsy target genes by NMDAR play an important role in the onset and development of seizures. Whereas, the mechanism remains unclear and more studies are urgently needed.



MicroRNA and NMDAR

In recent years, researchers have found a link between microRNAs and NMDARs-mediated neurological diseases (Table 2; Alsharafi et al., 2017). A growing body of evidence indicates that microRNAs regulate synaptic homeostasis and plasticity processes, suggesting that they may be involved in synaptic dysfunction during epilepsy, stroke, and AD (Alsharafi et al., 2017). MicroRNA-34a deficiency promotes cognitive function by regulating AMPARs and NMDARs to increase synaptic plasticity (Xu et al., 2018). MicroRNA-219-5p alleviates morphine tolerance by inhibiting the CaMKII/NMDAR pathway (Wang J. et al., 2017). Meanwhile, microRNA-219a-2 has been reported to reduce calcium overload and apoptosis through HIF1α/NMDAR pathway, thus alleviating myocardial ischemia-reperfusion injury (Hu et al., 2020). MicroRNA-182-5p regulates nerve injury-induced nociceptive hypersensitivity by targeting Ephrin type-b receptor 1 (EphB1) which interacts with the NMDAR (Zhou et al., 2017). EphB2 is a direct target of microRNA-204 and microRNA-204 downregulates EphB2 in hippocampal neurons. EphB2 is a known regulator of synaptic plasticity and regulates the surface expression of the NMDAR GluN1 subunit (Mohammed et al., 2016). Thus, microRNA-204 may play an important role in anti-NMDAR encephalitis by regulating EphB2-NMDAR, which remains to be explored. In normal neuronal development, FMRP is an RNA-binding protein responsible for interacting with microRNA-125 and microRNA-132 to regulate NMDAR and consequently affecting synaptic plasticity (Lin, 2015). MicroRNA-19a and microRNA-539 can influence the levels of NMDARs subunits by targeting the mRNAs encoding GluN2A and GluN2B subunits respectively (Corbel et al., 2015). MicroRNA-219, microRNA-132, and microRNA-107 could be involved in NMDAR signaling by influencing the expression of pathway genes or the signaling transmission (Zhang et al., 2015). MicroRNA-223 as a major regulator of the expression of the GluN2B subunit, plays a therapeutic role in stroke and other excitotoxic neuronal disorders (Harraz et al., 2012). These microRNAs provide an entry point for affecting neural plasticity and abnormal nerve firing and provide a new approach for the treatment of NMDAR-related neurological diseases.

In epilepsy, some microRNAs (microRNA-34, microRNA-124, microRNA-146a, microRNA-135a, microRNA-23a, microRNA-132, microRNA-234-5p, microRNA-203, microRNA-181b, microRNA-155 microRNA-219, microRNA-211, microRNA-128, microRNA-23) have been reported and each microRNA has limitations as a potential epilepsy target (Feng et al., 2020). Importantly, microRNA-211 or microRNA-128 transgenic mice displayed seizures (Feng et al., 2020). However, some microRNAs play an important role in epilepsy by regulating NMDARs. MicroRNA-219 had a regulatory effect on NMDAR in the amygdala and hippocampus of patients with mesial TLE and microRNA-219 protects against seizure in the KA-induced epilepsy model (Zheng et al., 2016; Hamamoto et al., 2020). Meanwhile, microRNA-139-5P has a negative regulatory effect on GluN2A-NMDAR in pilocarpine-induced epileptic rat models and TLE patients (Alsharafi et al., 2016). MicroRNA-34c has also been found to play a negative role in seizure and cognitive function, possibly by regulating NMDARs and AMPARs associated with LTP (Huang et al., 2018). Both in hippocampal tissues of SE rats and low Mg-induced hippocampal neurons, propofol can inhibit apoptosis of hippocampal neurons by microRNA-15a-5p/GluN2B/ERK1/2 pathway, which provides theoretical support for propofol treatment of SE (Liu et al., 2020). MicroRNA-124 suppresses seizure and regulates CREB1 activity. Inhibition of neuronal firing by microRNA-124 is associated with the suppression of mEPSC, AMPAR- and NMDAR-mediated currents, which are accompanied by decreased surface expression of NMDAR (Wang et al., 2016). However, many microRNAs have not been confirmed to function in epilepsy by regulating NMDAR. The discovery of various microRNA is also beneficial for the treatment of epilepsy and reducing the occurrence of epilepsy.



The EphB2-NMDAR Interaction

The interaction between NMDAR and EphB2 was found in anti-NMDAR encephalitis (Hughes et al., 2010; Mikasova et al., 2012). It is reported that transcranial direct current stimulation promotes hippocampal neurogenesis in mice with cerebral ischemia by activation of Ephrinb1/EphB2/MAP-2/NMDAR pathway (Ma et al., 2021). Meanwhile, activated EphB receptors promote the excitability of primary sensory neurons either directly through Ca2+ influx or by phosphorylation of Src kinase-mediated NMDAR (Washburn et al., 2020). In the acute phase of ischemic stroke, EphB2-dependent signal pathways are found to promote neuronal NMDAR-induced excitotoxicity and inflammation (Ernst et al., 2019). In AD models, overexpression of EphB2 in hippocampal neurons improved impaired NMDAR and cognitive dysfunction (Hu et al., 2017). In addition, EphB2 has a positive protective effect on Aβ1-42 oligomer-induced neurotoxicity by synaptic NMDAR signal pathway in hippocampal neurons (Geng et al., 2013). EphB2 can also prevent the effects of NMDAR antibodies on memory and neuroplasticity (Planagumà et al., 2016). EphB2 regulates NMDAR function and synaptic targeting. In mature neurons, EphB2 regulates the number of synaptic NMDAR, while activated EphB2 reduces desensitization of Ca2+-dependent NMDAR and is required for enhanced synaptic localization of GluN2B-containing NMDAR. EphB knockout mice showed the homeostatic upregulation of NMDAR expression (Nolt et al., 2011). Synaptic plasticity is regulated by the EphB2-GluN2A-AKT cascade, which might be a potential pathogenesis of depression and potential therapeutic target of glutamatergic transmission dysfunction (Wu et al., 2019). Meanwhile, EphrinB/EphB signaling is conducive to synaptic plasticity by GluN2B phosphorylation in chronic migraine (Wang et al., 2020a). In dentate granular neurons of EphB2-deficient mouse, synaptic NMDAR-mediated current was reduced (Henderson et al., 2001). These findings suggest that EphB is a key regulator of NMDAR synaptic localization and NMDAR-dependent synaptic function in the CNS. Together, the regulation of synaptic function may be closely related to EphB2-NMDAR interaction in epilepsy.



Influence of Related Proteins and Signaling Pathways on NMDAR

In addition to the above regulation mechanisms, NMDAR is also modulated by other pathways. Related studies have demonstrated that both purinergic P2X receptors (P2X2) and P2X4 interact with NMDAR in an inhibitory manner (Rodriguez et al., 2020). Meanwhile, SULT4A1 promotes the formation of the PSD-95/NMDAR complex to modulate synaptic development and function (Culotta et al., 2020). It is also found that S-PrP interacts with LRP1/NMDAR system to activate ERK1/2, thereby promoting cell migration in Schwann cells (Mantuano et al., 2020). Neuronal surface P antigen (NSPA) regulates the postsynaptic stability of NMDAR by ubiquitination of tyrosine phosphatase PTPMEG (Espinoza et al., 2020). In addition, Cyclin B/CDK1 mediates NMDAR phosphorylation and regulates calcium kinetics and mitosis (Rosendo-Pineda et al., 2020). Neuroinflammation modulation is known to be controlled by cholinergic signals (Mizrachi et al., 2021). However, ACh potentiates NMDARs through muscarinic receptors in CA1 neurons of the hippocampus (Markram and Segal, 1990). Nicotinic α7-nAChR is enriched in the glutamate network synapses in the dorsolateral PFC (dlPFC) and is required for NMDAR action (Yang et al., 2013). LTP can be induced by exposure to the cholinergic receptor agonist carbachol in the hippocampus, which depends on NMDAR activation (Flores-Hernandez et al., 2009).

In addition, NMDAR is also regulated by ERK signaling pathway. In the spinal cord, CCL2 rapidly enhances NMDAR-induced neuronal electrical currents through the ERK-Glun2B pathway, thereby promoting pain sensitivity (Zhang H. et al., 2020). Related studies have found that CXCR7 can control the synaptic activity of hippocampal granular cells to regulate seizures. CXCR7 regulates GluN2A expression on the cell membrane by activating ERK1/2, thereby selectively modulating NMDAR-mediated synaptic neurotransmission in hippocampal granular cells (Xu T. et al., 2019). Therefore, CXCR7 may regulate seizures and become a new target for antiepileptic therapy by regulating the cell membrane expression of NMDAR. Some studies find that icaritin (ICT) has a neuroprotective effect on glutamate-induced neuronal damage and its mechanism may be associated with inactivating GluN2B-containing NMDAR by ERK/DAPK1 pathway (Liu et al., 2021). Meanwhile, DAPK1 interacts with NMDAR involved in glutamate-induced neurological events during sudden physiopathologic conditions in the brain (DeGregorio-Rocasolano et al., 2020). Inhibition of DAPK1 results in the phosphorylation and surface normalization of GluN2B expression outside the synapse (Schmidt et al., 2020).

Redox modulation of cysteine residues is one of the post-translational modifications of NMDAR. HCY accumulation in the human plasma, known as hyperhomocysteinemia, can exacerbate neurodegenerative diseases and act as a persistent NMDAR agonist (Ivanova M. et al., 2020). Meanwhile, HCY activates GluN2 subunit-dependent redox regulation of NMDAR by the reduction of NMDAR disulfide (Sibarov et al., 2020). The protein disulfide isomerase (PDI) binds to NMDAR in chronic epileptic rats and increases the mercaptan content on recombinant GluN1 protein (Kim et al., 2017). In fact, PDI plays a crucial role in catalyzing disulfide bond formation, reduction, and isomerization (Kim et al., 2017). Besides, H2S blocks the enhancement of neuronal excitability in the early hippocampal network by inhibiting voltage-gated sodium channels and NMDARs (Yakovlev et al., 2017). Thus, redox regulation of NMDAR may affect the occurrence and development of epilepsy and provide a new way for reducing the occurrence of epilepsy.

In epilepsy, some proteins and organisms can also affect NMDAR activity. As shown in the treatment of epilepsy, the inhibitory effect of β-hydroxybutyrate and acetone on NMDARs may underlie the therapeutic effects of the ketogenic diet in epilepsy (Pflanz et al., 2019). The interaction between the PCDH7 and the GluN1 subunit regulates the dendritic spine morphology and synaptic function, and it is associated with several CNS diseases including epilepsy (Wang Y. et al., 2020). In acute and chronic epileptic models, SPDI knockdown can inhibit seizure activity by nitrosylation-independent thiolation on NMDAR (Jeon and Kim, 2018). Inhibition of Nwd1 activity can reduce the hyperexcitability and phosphorylation of GluN2B in hippocampal neurons (Yang et al., 2019). Meanwhile, TMEM25 can also modulate the degradation of the GluN2B subunit and neuronal excitability (Zhang et al., 2019). Inhibition of acid-sensing ion channel 3 can regulate NMDAR function, thereby aggravating seizure severity (Cao et al., 2018). POSH could be a potential therapeutic target for epilepsy via increasing surface expression of NMDAR (Wang X. et al., 2017). Previous studies have shown that neuregulin1(NRG1)-ErbB4 signaling pathway may regulate the excitability of neurons and participate in primary epilepsy. NRG1-ErbB4 signaling can inhibit the phosphorylation of GluN2B, which has been detected in symptomatic human epileptic tissue (Zhu et al., 2017). In addition, the extracellular matrix protein SPARCL-1 also directly promotes synapse formation and NMDAR recruitment. In addition, SPARCL-1 might directly increase branches of dendrites, augment the numbers of synapse, and induce the formation of NMDARs, thereby increasing synaptic connectivity and reducing the risk for neurodegenerative disease (Chen et al., 2020b; Gan and Südhof, 2020). Leptin resists glutamate-induced excitotoxicity in HT22 hippocampal neurons and leptin also increases postsynaptic NMDAR currents to sensitize the nucleus of the solitary tract (NTS) neurons to vagal input (Jin et al., 2018; Neyens et al., 2020).




CONCLUSION

In this review, we reviewed and elucidated the regulatory mechanisms of NMDAR and its role in the onset, development, and treatment of epilepsy. Increasing evidence suggests that NMDAR is closely related to epilepsy and the autoimmune encephalopathy. Synaptic NMDARs mainly mediate pro-survival and synaptic plasticity pathways, whereas extrasynaptic NMDARs are mostly responsible for glutamate-induced excitotoxicity. Meanwhile, different NMDAR subunit also has different physiological functions in epilepsy. Studying the role of various NMDAR subunits in epilepsy may be beneficial to understand epileptogenesis. At present, there are many ways to regulate NMDAR, but the regulatory mechanism of NMDAR in the onset and development of epilepsy is not fully understood. Therefore, targeting upstream and downstream signal pathways of NMDAR may be a new approach to inhibit seizures and slow the progression of epilepsy. This type of treatment is yet to be discovered and explored.
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Epilepsy can be interpreted as altered brain rhythms from overexcitation or insufficient inhibition. Chemogenetic tools have revolutionized neuroscience research because they allow “on demand” excitation or inhibition of neurons with high cellular specificity. Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) are the most frequently used chemogenetic techniques in epilepsy research. These engineered muscarinic receptors allow researchers to excite or inhibit targeted neurons with exogenous ligands. As a result, DREADDs have been applied to investigate the underlying cellular and network mechanisms of epilepsy. Here, we review the existing literature that has applied DREADDs to understand the pathophysiology of epilepsy. The aim of this review is to provide a general introduction to DREADDs with a focus on summarizing the current main findings in experimental epilepsy research using these techniques. Furthermore, we explore how DREADDs may be applied therapeutically as highly innovative treatments for epilepsy.

Keywords: DREADD = designer receptor exclusively activated by designer drugs, epileptogenesis, epilepsy, ictogenesis, seizure, chemogenetic, pharmaco-genetic


INTRODUCTION

Epilepsy is a disorder that is generally perceived as an imbalance between excitation and inhibition in the brain. According to the International League Against Epilepsy, this disorder affects approximately 65 million people worldwide (Devinsky et al., 2018). Epilepsy leads to physical, cognitive, psychological, and social impairments (Fisher et al., 2014; Falco-Walter et al., 2018), and is a major risk factor for sudden unexpected death in epilepsy (Saetre and Abdelnoor, 2018). Historically, epilepsy research has yielded significant drug discoveries driven by the fields of biochemistry and pharmacology. These anti-seizure drugs (ASDs) have helped patients by eliminating or reducing seizures. Unfortunately, ASDs have rarely been able to provide the ideal effect of immediately nullifying seizures with minimal adverse effects in all patients (Engel, 2016). Despite the continuous development of ASDs, more than 30% of patients continue to have seizures after attempted treatment with multiple ASDs; a condition defined as drug refractory epilepsy (Kwan and Brodie, 2000; Sheng et al., 2017). When drug refractory epilepsies have a focal onset, surgical resection of the epileptic foci can be efficacious in rendering patients seizure free (Sheng et al., 2017). Other approaches for the treatment of drug refractory epilepsies include neuromodulation such as vagal nerve stimulation (Morris et al., 2013) and the ketogenic diet (Kossoff et al., 2018). There is a continuing need to develop new interventions to treat drug refractory epilepsies by advancing our current understanding of the pathophysiology of epilepsy. New and exciting research tools such as chemogenetics provide innovative approaches in epilepsy research to meet these challenges. We begin with a history of chemogenetics followed by a description of the development of Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) to provide a review on how these techniques are applied in epilepsy research.


Chemogenetics Development

Chemogenetics can be defined as a method that confers cells with a pharmacological response to an engineered receptor (Lieb et al., 2019). The concept that a drug binds to specific sites or receptors on cell surfaces originates from Paul Ehrlich (1854 to 1915; Hill, 2006). Examples of modulating ion channels on the cell membrane of neurons date back to the same period (Cox and Gosling, 2014). In 1959, Nachmansohn isolated a protein identified as the first receptor activated by a neurotransmitter, the acetylcholine nicotinic receptor (Changeux, 2012; Cox and Gosling, 2014). Additional important pharmacological advancements included the development of methods to quantitatively measure affinity, efficacy, and the properties of agonists, partial agonists, and antagonists by the evaluation of functional responses in isolated tissues (Hill, 2006). These discoveries facilitated the development of the first chemogenetic tools. In 2001, Scearce-Levie et al. (2001) published an initial report of chemogenetics involving a receptor activated by an exogenous ligand. This was termed as receptors activated solely by synthetic ligands (Scearce-Levie et al., 2001). By genetically modifying an inhibitory κ-opioid receptor, they were able to generate two κ-opioid receptors, named Ro1 or Ro2, that no longer showed affinity to their endogenous ligand in heart tissue, dynorphin, but responded only to spiradoline, a selective κ-opioid agonist. The administration of spiradoline to mice expressing receptors activated solely by synthetic ligands in cardiac cells resulted in a decreased heart rate while having no effect in wild-type animals. The selectivity of spiradoline in activating only receptors activated solely by synthetic ligands in cardiac tissue may be explained by extremely low expression of endogenous κ-opioid receptors in the heart. In endogenous κ-opioid receptor-rich tissues such as the brain, the administration of spiradoline resulted in sedation of the animals and masked behavioral responses generated by the activation of Ro1 (Redfern et al., 1999; Scearce-Levie et al., 2001). The markedly sedative side effect of receptors activated solely by synthetic ligands precluded its application in neuroscience research and alternative chemogenetics methods were then developed.

To overcome the cross-reaction of the ligand with other endogenous receptors, Lechner et al. (2002) introduced a new approach in which cortical neurons were transfected with Drosophila allatostatin receptors. The allatostatin receptor is a non-mammalian G protein-coupled receptor (GPCR) that is solely activated by the insect peptide allatostatin. Delivery of allatostatin to ex vivo ferret brain slices induced hyperpolarization of mammalian cortical neurons expressing allatostatin receptors in a reversible manner without endogenous receptor cross-reaction (Lechner et al., 2002). However, allatostatin is a neuropeptide, so it likely does not cross the blood-brain barrier (BBB) when delivered systemically. This would require it to be delivered via intracerebroventricular injection for its application in vivo. Finally, Lerchner et al. (2007) demonstrated the viability of chemogenetics in freely moving animals by delivering a viral vector encoding for a modified heteromeric ivermectin gated chloride channel from C. elegans. Neuronal activity in the striatum of naïve mice was reversibly suppressed upon activation by ivermectin, a synthetic ligand that crosses the BBB (Lerchner et al., 2007).



DREADDs Development

The predominant chemogenetic tools in epilepsy research are DREADDs (Lieb et al., 2019). Armbruster et al. (2007) introduced the concept of DREADDs by generating a family of GPCRs based on the human muscarinic acetylcholine receptor DREADD (hMxDy). GPCRs are the largest group of cell surface receptors in the central nervous system (Yang et al., 2021) and the Human Genome Project has identified more than 800 different GPCR genes (Hill, 2006). GPCRs are seven-transmembrane highly selective receptors that trigger intracellular signaling cascades through coupling to a range of intracellular proteins (G-proteins, β-arrestins, and kinases; Yang et al., 2021), and are grouped into four main families: Gi/o, Gs, Gq, and G12/13 (Glukhova et al., 2018). GPCRs significantly contribute to regulation of neuronal excitability, and abnormalities in expression and activity of this class of receptors have been associated with different neuropathological processes including epilepsy (Yu et al., 2019). Therefore, GPCRs provided a logical platform for the development of DREADDs.

The commonly used DREADDs in epilepsy research are hM3Dq and hM4Di. hM3Dq is an engineered muscarinic receptor coupled to a Gαq signaling cascade leading to neuronal excitation (Alexander et al., 2009) whereas hM4Di is coupled to Gαi and mediates neuronal inhibition (Armbruster et al., 2007; Stachniak et al., 2014). Both hM3Dq and hM4Di are irresponsive to their native ligand, acetylcholine, but have their intracellular signaling cascades mediated and activated solely by a pharmacologically inert and bioavailable compound, which is usually clozapine-N-oxide (CNO; Figure 1; Roth, 2016). Furthermore, DREADDs should have a minimal response in the absence of ligand binding. DREADDs activity typically relies upon a dose of CNO, which is usually in nanomolar concentrations.
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FIGURE 1. Effects of activation of hM3Dq and hM4Di with CNO in neurons and interneurons. Activation of the DREADD probe hM3Dq with CNO in neurons and interneurons results in cellular depolarization while activation of hM4Di results in hyperpolarization. The net effect of activation of the DREADD construct is dependent on whether inhibitory or excitatory chemogenetics are used and which cell populations are targeted. cAMP, cyclic adenosine monophosphate; CNO, clozapine-N-oxide; DAG, diacylglycerol; DREADDs, designer receptors exclusively activated by designer drugs; hM3Dq, Gq-coupled human M3 muscarinic DREADD; hM4Di, Gi-coupled human M4 muscarinic DREADD; IP3, inositol 1,4,5-trisphosphate.



However, CNO does not generate a cellular response in brain tissue when delivered systemically in vivo. Instead, CNO is reverse metabolized into clozapine that can cross the BBB and possesses high affinity to muscarinic DREADDs (Gomez et al., 2017). Despite the low concentrations of clozapine required to activate DREADDs, it is an atypical antipsychotic so CNO-derived clozapine may exert pharmacological effects in non-DREADDs targets that may result in undesirable behavioral changes. Therefore, the dose of the ligand must be titrated to control efficacy of treatment with DREADDs while mitigating potential side effects. When designing experiments, it is important to include appropriate control groups to assess for both: (i) potential side effects of CNO in non-DREADD-expressing animals; and (ii) the injection of a vehicle, such as saline, within DREADD-expressing subjects (MacLaren et al., 2016; Manvich et al., 2018). An alternative to relying on reverse metabolization of CNO is to inject clozapine at its much smaller reverse metabolized equivalent dose. Additionally, different ligands that possess higher affinity to DREADDs and reduced side effect profiles may be used, such as olanzapine, which is a second-generation atypical antipsychotic drug approved for use in humans by the Food and Drug Administration (Weston et al., 2019; Goossens et al., 2021).



Methods Used to Drive DREADDs Expression

Selective expression of the engineered receptors in cell populations can be achieved by two main techniques: (i) intracerebral injection of adeno-associated virus (AAV) vectors encoding the engineered receptors to a genomic sequence, with the genomic sequence linked to cell-type specific transcription factors, which results in receptor expression in a targeted subset of cells; and (ii) using transgenic mice that express the engineered receptors in cell populations genetically defined by the Cre-driver mouse line (Alexander et al., 2009; Farrell and Roth, 2013). These two methods have been used to deliver DREADDs to targeted cell populations in a specific brain region. This allows the neuroscientists to investigate the role of these cells in seizure generation and propagation. The goal of this review is to summarize the existing literature where DREADDs are employed to improve our understanding of the pathophysiology of human epilepsy. The remainder of this review focuses on the application of DREADDs in epilepsy research.




MATERIALS AND METHODS

A PubMed-, Scopus-/ScienceDirect-, and Web of Science-based scoping review of chemogenetics in epilepsy research was performed. Combinations of queries used for searches were (“chemogenetic” OR “pharmaco-genetic” OR “DREADD” OR “hM4Di” OR “hM3Dq”) AND (“epilepsy” OR “seizure” OR “spasm” OR “epileptogenesis”). Publications that were classified as reviews were excluded. References were screened for additional relevant articles. Title/abstract and full text screenings were performed. Articles used for full text analysis were those using chemogenetics to investigate the pathophysiology of epilepsy.



RESULTS

Only primary or original research was considered in scope of this review. Our initial search returned 34 publications from PubMed, 385 from Scopus, 124 from ScienceDirect, and 30 from Web of Science. After removal of duplicates, 470 articles were included in our review. Publications were included if DREADDs were used to evaluate mechanisms of epileptogenesis or the epileptic phenotype. Additionally, publications were included if DREADDs were used to analyze biochemical and molecular mechanisms involved in epilepsy, even if results did not directly demonstrate seizure induction or seizure control. Publications were excluded if they evaluated seizures or spasms unrelated to epilepsy (e.g., alcohol withdrawal seizures) or focused purely on chemogenetics development (e.g., alternative ligands). After reading the abstract and applying inclusion and exclusion criteria, we identified 63 articles. After reading the full text and applying the same criteria, we included 25 articles in our analysis. Two (2) additional articles were identified by reference mining (i.e., citation chaining) resulting in a total of 27 articles. See Figure 2 for PRISMA flow diagram (Page et al., 2021). The information about the studies included in this review is summarized in Table 1 and reflects the structure of the sections on hippocampal and extrahippocampal networks. For each article in Table 1, we listed the DREADD construct. Four (4) studies that used DREADDs in vitro were excluded from the table but are included in the text. Three (3) publications on chemogenetics with potential for additional development were included in the “Discussion” Section.
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FIGURE 2. PRISMA flow diagram of record identification, screening, and inclusion process for this review.



TABLE 1. Responses of DREADDs targeted to hippocampal and extrahippocampal networks.
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We divided the articles included in this review into two main categories, i.e., those investigating hippocampal and extrahippocampal networks. Within the section on hippocampal networks, examples of seizure potentiation and induction by DREADDs are reviewed, followed by studies demonstrating seizure reduction using hM3Dq and then studies describing seizure reduction using hM4Di. A similar structure is used for the section on extrahippocampal targets, with examples of seizure induction described, followed by seizures reduced by hM3Dq and then by hM4Di. Finally, we discuss the experiments that use DREADDs to evaluate biochemical changes and then comorbidities associated with epilepsy.


DREADDs Targeted to Hippocampal Networks


Seizure Induction by Targeting Hippocampal Networks

The most common form of seizure disorder in adults is temporal lobe epilepsy (TLE), which is characterized by a seizure onset zone located in the temporal lobe (Navidhamidi et al., 2017). The hippocampus contains excitatory networks that are important for many cognitive functions such as spatial learning and memory (Jokeit and Ebner, 2002; Sweatt, 2004; Strien et al., 2009; Buzsáki and Moser, 2013) and serve as a network substrate for the onset of TLE (Lothman et al., 1991; Chatzikonstantinou, 2014). Three primary excitatory loops, which connect hippocampal and parahippocampal structures, exist. A long trisynaptic loop from the entorhinal cortex (EC) to the dentate gyrus (DG) to area Cornu Ammonis (CA) 3 to area CA1 loops back to different layers of the EC via the subiculum. Two other loops that bypass the dentate gyrus are an intermediate-length loop from EC to CA3 to CA1 to subiculum/EC; and a short loop that projects directly from EC to CA1 (Ang et al., 2006; Coulter et al., 2011). In the normal condition, most of the afferent inputs from the cortex are filtered and tightly regulated by cells in the DG (granule cells) and/or area CA1 (pyramidal cells) which are thought to be the two most potent “inhibitory hubs” in the network (Ang et al., 2005; Coulter et al., 2011).

The publications reviewed in this section are summarized in Figure 3, which includes hippocampal networks with a key provided in Table 1 (figure reference designation of 1). The strategic location of the DG at the start of the trisynaptic pathway and the relative reluctance of dentate granule cells (DGCs) of the DG to fire led to postulation of the dentate “gate” hypothesis (Krook-Magnuson et al., 2015). Kahn et al. (2019) demonstrated the capability of DREADDs to induce seizures by providing evidence that non-epileptic mice expressing hM3Dq in calcium/calmodulin-dependent protein kinase II (CaMKIIα)-positive or excitatory neurons in the dorsal DG had variable behavioral seizures after administration of high doses of CNO (≥10 mg/kg). Although their report did not focus on seizure induction, their results provide a concept for further mechanistic studies.
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FIGURE 3. Hippocampal targets of chemogenetics interrogated by each of the authors cited. The two classically defined inputs from the entorhinal cortex (EC) to the hippocampus are the perforant pathway (PP; EC to DG) and the temporoammonic pathway (EC to CA1). A long excitatory synaptic loop (EC to DG to CA3 to CA1 to subiculum and EC) receives inputs from the PP by innervation of the dentate gyrus (DG) and is known as the trisynaptic pathway. Table 1 provides a key to the denoted projections and is organized by where each of the authors are cited in this review. Projections denoted in green were used by the authors cited to either potentiate or induce seizures with DREADDs (figure reference designation of 4). Blue labels indicate where hM3Dq was used to decrease seizures (figure reference designation of 5). Red labels indicate where hM4Di was used to decrease seizures (figure reference designation of 6). Projections labeled in black indicate connectivity that may contribute to the circuits evaluated. Created in BioRender.com. CA, Cornu Ammonis; DG, dentate gyrus; DREADDs, designer receptors exclusively activated by designer drugs; EC, entorhinal cortex; eDGC, ectopic dentate granule cells; hM3Dq, Gq-coupled human M3 muscarinic DREADD; hM4Di, Gi-coupled human M4 muscarinic DREADD; MC, mossy cells; PV, parvalbumin interneurons; SOM, somatostatin interneurons; Sub, subiculum.



An important means to investigate the role of a certain group of neuronal cells in generating seizures is to ask whether a change of their activities may potentiate seizures, i.e., increasing seizure probability when combined with a chemoconvulsant dose that does not cause seizures. Several groups have potentiated seizures resembling TLE by manipulating a subset of cells with hM3Dq or hM4Di. This has elucidated pathological mechanisms that contribute to the breakdown of the dentate gate. In addition to the classic DG to CA3 microcircuit, another target of DGCs is glutamatergic neurons located in the DG hilus adjacent to DGCs. These cells are known as mossy cells and have been demonstrated to innervate both DGCs and parvalbumin-expressing basket cells, which are inhibitory γ-aminobutyric acid-releasing (GABAergic) interneurons (INs) in the DG (Scharfman and Myers, 2013). To explore the excitatory role of mossy cells in epileptogenesis, Botterill et al. (2019) selectively expressed hM3Dq in dopamine receptor D2-Cre+/– mice. These animals preferentially expressed Cre recombinase in mossy cells. They showed that activation of hM3Dq in mossy cells decreased latency to convulsive seizures after pilocarpine injection (Botterill et al., 2019). Contrary to the prior hypothesis that mossy cells prevent epilepsy, these results suggested that mossy cells become seizure inducing during pathological conditions by increasing excitation of DGCs while not changing their innervation of basket cells. Alternatively, basket cells like other GABAergic INs may become dysfunctional upon sustained excitation.

Another group of cells in the DG that have been investigated for their role in seizure generation are newborn DGCs, which are developed from neural stem cells. In the granular cell layer of the DG, neurogenesis persists throughout life in the adult hippocampus. In physiological conditions, newborn DGCs integrate into existing hippocampal circuitry, which is necessary for hippocampus-dependent learning and memory processes (Parent, 2007). These newborn DGCs may contribute to the breakdown of the dentate gate in TLE. To investigate this, Zhou et al. (2019) expressed hM3Dq in DGCs born 3 days after pilocarpine-induced status epilepticus (SE). They demonstrated that CNO-mediated activation of newborn DGCs two and a half months after transfection with hM3Dq resulted in epileptic spikes and spontaneous recurrent seizures, which are characteristics of chronic epilepsy. Furthermore, they demonstrated that newborn DGCs ectopically integrated into the trisynaptic pathway forming recurrent excitatory loops and contributed to increases in DG excitability (Zhou et al., 2019).

Another means to potentiate TLEs is to directly target the main source of inhibitory signaling in the brain, GABAergic INs. GABAergic INs discussed in this review may be further categorized as parvalbumin (PV)-, somatostatin (SOM)-, cholecystokinin-, and vasointestinal peptide-expressing INs (Pelkey et al., 2017; Marafiga et al., 2020). Under physiological conditions, GABAergic INs function to restrain excessive excitation in principal neurons via feedforward, feedback, or tonic inhibitory mechanisms (Marafiga et al., 2020). The breakdown of this inhibition results in a disturbance of the excitation/inhibition balance that contributes to the generation of seizures (Magloire et al., 2019). Wang et al. (2020) used hM4Di to block inhibition mediated by optogenetic stimulation of cholinergic neurons in the medial septum in intrahippocampal kainic acid (IHKA)-treated mice. The hM4Di-mediated inhibition of PV- or SOM-INs in CA1 resulted in increased seizures, suggesting that these INs were the downstream effectors of medial septum cholinergic neurons (Wang et al., 2020). These results suggest a possible involvement of dysfunctional PV- and SOM-INs in contributing to the generation of seizures and demonstrate the ability to target specific subsets of INs with a DREADD construct.

While the dentate gate restrains excitatory input, the other “gate” of the hippocampus is the subiculum which receives information from hippocampal area CA1 by both the trisynaptic pathway and temporoammonic pathway (Coulter et al., 2011). To evaluate the effect of the loss of inhibition at this node, Drexel et al. (2017) evaluated the transient inhibition of PV-INs in the subiculum using hM4Di. While transient inhibition of PV-INs did not generate seizures in non-epileptic mice, the injection of CNO combined with a sub-convulsant dose of pentylenetetrazol induced mice to show clusters of spike-wave discharges (Drexel et al., 2017). Similarly, Xu et al. (2019) used a DREADD construct to increase phenytoin resistance in epileptic mice by activating hM3Dq expressed in subicular pyramidal neurons (PNs). Contrary to phenytoin increasing afterdischarge threshold in wild-type mice, CNO in combination with phenytoin resulted in decreased afterdischarge threshold. These studies support a critical role of the subiculum in gating excitatory transmission.



Seizure Control by hM3Dq Targeted to Hippocampal Networks

In contrast to the previous subsection where we described publications that used DREADDs to induce or potentiate seizures, this section presents in vitro and in vivo experiments where researchers targeted hM3Dq to hippocampal networks to suppress epileptic seizures by increasing inhibitory signaling. The publications reviewed in this section are summarized in Figure 3, which includes hippocampal networks with a key provided in Table 1 (figure reference designation of 2). A common strategy to suppress seizures has been the potentiation of GABAergic signaling (Perucca and Mula, 2013). The GABAA receptor is a common target of ASDs and it has been demonstrated that the antiseizure mechanism of benzodiazepines and barbiturates is by direct action on GABAA receptors (Greenfield, 2013). Therefore, selective targeting of INs to constrain hyperexcited networks is a logical choice for the application of hM3Dq. Several groups have demonstrated the feasibility of harnessing GABAergic INs to suppress seizure activity in models of TLE (Wang et al., 2017, 2018, 2020; Călin et al. 2018).

Since there are different subtypes of GABAergic INs, it is likely important to determine which class of INs promote the most efficacious inhibitory effect on excitatory neurons in the hippocampus. To evaluate this, Călin et al. (2018) selectively targeted PV-, SOM-, and vasointestinal peptide-INs with hM3Dq in vitro using organotypic hippocampal slice cultures. Their data suggested that when targeting the entire hippocampus, PV-INs are more efficacious in suppressing epileptiform activity than other types of INs. Furthermore, the selective activation of hippocampal PV-INs with hM3Dq reduced the severity of systemic 4-aminopyridine-induced seizures in mice (Călin et al. 2018). This report demonstrated the relative difference in the effect of hM3Dq when manipulating subpopulations of INs, which is an important tool in investigating the role of specific cells in controlling seizures.

Since hyperexcitability of DGCs is associated with the emergence of seizures in TLE (Kahn et al., 2019), activating PV-INs within DG and CA3 subfields may also be efficacious in controlling seizures. In addition to confirming this hypothesis, Wang et al. (2018) showed that the anti-seizure effect of hM3Dq occurred in a CNO dose-dependent manner in PV-Cre mice treated with IHKA. An increased dose of CNO activated hM3Dq-expressing PV-INs in the DG and CA3 resulting in increased latency to SE, and decreased duration of chronic seizures and animal mortality. Furthermore, they demonstrated that activation of ventral hippocampal PV-INs reduced the number and duration of generalized seizures in mice during an 8-h measurement window following each dose of CNO for three consecutive days. The authors then applied the same technique to electrically kindled animals and showed that the CNO delayed seizure progression and decreased the duration of generalized seizures among these animals (Wang et al., 2018). In a later study, Wang et al. (2020) provided evidence in their supplemental data comparing direct hM3Dq-mediated activation of PV- and SOM-INs located in CA1. In CA1, these INs receive excitatory inputs from EC through the temporoammonic pathway and from CA3 through Schaffer collaterals, so area CA1 may also be an ideal node for targeting with hM3Dq to control seizures. In addition to decreasing seizures in an acute IHKA model, the study revealed that SOM-INs in CA1 have a greater inhibitory effect on this circuit than PV-INs (Wang et al., 2020).

In the subiculum, Wang et al. (2017) demonstrated that selective hM3Dq-mediated activation of GABAergic INs of vesicular GABA transporter-Cre mice resulted in delayed generalization of IHKA induced SE and reduced episodes of generalized seizures. Vesicular GABA transporter-Cre mice express Cre recombinase under control of the vesicular GABA transporter promoter in both PV- and SOM-INs. Interestingly, the excitation of these INs during the chronic phase of IHKA-induced epilepsy resulted in a transient twofold increase in the duration of generalized seizures during the 3-day CNO treatment window as compared to 3 days prior and post treatment (Wang et al., 2017). Their results suggest the involvement of a phenomenon known as ionic plasticity that may occur during epileptogenesis. This phenomenon refers to a shift from an inhibitory to an excitatory signaling profile of GABA in principal neurons by the modulation of neuronal functions through changes in GABAergic driving forces caused by long-term impairments of ion-regulatory molecules such as cation-chloride cotransporters (K-Cl cotransporter—KCC2, Na-K-2Cl cotransporter—NKCC1), Na-K ATPase, and carbonic anhydrase (Kaila et al., 2014). This early finding suggests that inhibitory neurons in the subiculum may display different roles in seizure generation and modulation in the different phases of epileptogenesis.



Seizure Control by hM4Di Targeted to Hippocampal Networks

Since the potentiation of GABA signaling with hM3Dq was demonstrated to be effective in constraining seizures in the previous section, in this section we address whether directly targeting hM4Di to PNs within a hippocampal seizure onset zone is as efficient in preventing and stopping seizures. This method was pioneered in epilepsy research by Armbruster et al. (2007) when they expressed hM4Di in hippocampal neurons in culture and demonstrated that administration of CNO induced selective membrane hyperpolarization and neuronal inhibition. Later, Avaliani et al. (2016) used a valproate-refractory model of epilepsy to provide evidence that inhibition of PNs of brain slices in organotypic culture could reduce electrically evoked seizure activity. They demonstrated that hyperpolarization of CA3 excitatory neurons by hM4Di was sufficient to suppress DG-initiated stimulus train-induced bursting (Avaliani et al., 2016). These in vitro studies represent proof-of-concept models that may be used prior to moving hM4Di to in vivo models. The studies presented here on in this section are summarized in Figure 3, which includes hippocampal networks with a key provided in Table 1 (figure reference designation of 3).

Goossens et al. (2021) expanded upon the in vitro experiment introduced by Armbruster et al. (2007) by targeting all hippocampal excitatory neurons in vivo. They demonstrated that hM4Di-mediated inhibition of these neurons by a single or repetitive (6-h interval) subcutaneous clozapine injection resulted in decreased acute seizure frequency in rats with epilepsy induced by systemic KA. Additionally, clozapine or olanzapine were infused continuously for 7 days using osmotic minipumps, which resulted in significant seizure suppression during the first 4–5 days of treatment. However, seizure frequency increased to pre-treatment levels in the last 2 days of treatment with seizure duration exceeding baseline 3–4 days into treatment. Furthermore, after the removal of the minipumps, the animals showed a rebound effect both in seizure frequency and duration, reaching levels above the baseline observed before the onset of the treatment with CNO (Goossens et al., 2021). This phenomenon is comparable to tolerance effects observed with ASD usage in treating patients with seizure disorders. Tolerance effects of DREADDs should be considered when applying them to epilepsy research in general. Tapering the dosage of ligand instead of abrupt discontinuation could potentially reduce the rebound effect observed by Goossens et al. (2021). Alternatively, targeting DREADDs to more specific subsets of neurons in the hippocampus may remove the observed desensitization, which is similar to the “honeymoon effect” (i.e., loss of efficacy of ASD) observed in some patients after continued treatment with an ASD (Löscher and Schmidt, 2006). Regardless, the results of Goossens et al. (2021) highlight the importance of non-DREADD expressing controls treated with ligand for interpretation of results.

More anatomically specific inhibition was demonstrated by Wang et al. (2018) when they directly inhibited hippocampal PNs expressing hM4Di in the DG and CA3 ipsilateral to IHKA injection in urethane-anesthetized mice. This led to decreased neuronal firing. Subsequently, they showed that the administration of CNO once per day for 3 days in freely moving mice induced the inhibition of PNs in the DG and area CA3, which in turn resulted in increased latency to seizure progression, decreased seizure duration, and decreased number of generalized seizures during the 8 h of recording after CNO treatment. Although no statistic was provided, a trend toward rebound hyperexcitation after CNO treatment was discontinued was presented in their data. Furthermore, the receptor desensitization described by Goossens et al. (2021) was not observed, which may be due to differences in regional specificity of hM4Di expression, ligand dosing schemes, or lengths of experiments. Additional experiments are necessary to determine the source of the variability in results (Wang et al., 2018). Similar results on seizure progression were reproduced by Chen L. et al. (2020) using the electrical kindling model.

CA3 neurons may project directly (Witter, 2007) or secondarily from mossy cells (Scharfman and Myers, 2013) to the contralateral CA3 and CA1, and it has previously been demonstrated that bilateral DG activation is required for progression of afterdischarge durations (Stringer and Lothman, 1992). hM4Di has also been employed to investigate the role of excitatory neurons and their implications in pathological changes in transhemispheric neuronal networks. Berglind et al. (2018) employed optogenetics to generate focal afterdischarges and expressed hM4Di among PNs in the contralateral DG and CA3. The activation of these PNs by CNO decreased the duration of afterdischarges (Berglind et al., 2018). However, Krook-Magnuson et al. (2015) previously demonstrated that optogenetic inhibition of contralateral DGCs was insufficient to inhibit seizures, so additional experiments are necessary to determine if persistent manipulation of contralateral DG and CA3 neurons with hM4Di would reduce seizures.

Since optogenetic inhibition of DGCs ipsilateral to IHKA was previously demonstrated to inhibit seizures (Krook-Magnuson et al., 2015), prolonged suppression of DGCs expressing hM4Di may result in a similar inhibitory effect. Desloovere et al. (2019) evaluated inhibition of CaMKIIα PNs in the DG. They suggested that DGCs ipsilateral to IHKA injection were predominantly transfected, demonstrated modulatory results of hM4Di on inhibiting seizures, and evaluated long-term effects of inhibition. Specifically, they used either 3 or 10 mg/kg of CNO, or the CNO equivalent doses of clozapine (0.03 or 0.1 mg/kg respectively) to inhibit these DGCs. Their results showed that similar relative ligand concentrations resulted in similar levels of inhibition on seizures. Furthermore, their results revealed that the seizure suppressive effect of these doses of clozapine had a duration of action greater than 8 h. In a subsequent experiment, they demonstrated that chronic repeated administration of the same doses of clozapine once every 8 h for 3 days was capable of near complete suppression of seizure activity during the previously established duration of effect. However, a trend toward rebound hyperexcitability was observed a day after the last dose (Desloovere et al., 2019).

As described previously, newborn DGCs are derived from neural stem cells and integrate ectopically into the trisynaptic pathway forming excitatory loops, contributing to breakdown of the dentate gate. Therefore, hM4Di may be used to control seizures by inhibiting cells derived from neural stem cells. First, Zhou et al. (2019) replicated the anti-seizure effect of inhibiting all DGCs. They then demonstrated that long-term inhibition of neural stem cells that integrate into hippocampal networks could reduce pilocarpine-induced recurrent seizures. Next, they used double-transgenic mice that expressed Cre recombinase fused to an estrogen receptor only in Nestin-positive neural stem cells. Tamoxifen was administered to the mice 2 weeks prior to pilocarpine injection resulting in the expression of hM4Di in the cells derived from these stem cells. Upon development of spontaneous seizures two and half months later, the inhibition of these hM4Di-expressing cells with CNO injected every 8 h for 3 days resulted in decreased frequency of epileptic spikes and spontaneous recurrent seizures. This effect on seizures receded after the completion of treatment with CNO. They suggested that only neural stem cells that have differentiated into DGCs contribute to anti-seizure effects; however, neural stem cells integrate into regions other than the DG hilus so they performed an additional experiment to specifically inhibit newborn DGCs. They injected a retrovirus coding for hM4Di 3 days after pilocarpine injection. Upon development of spontaneous seizures, they observed a reduction in seizure frequency on the day of CNO injection (Zhou et al., 2019). Lybrand et al. (2021) further investigated this mechanism by examining the anatomic changes associated with manipulations of newborn DGCs and their correlations to the occurrence of spontaneous seizures. To do this, animals expressing hM4Di in newborn DGCs were injected intraperitoneally with pilocarpine, followed by CNO administered once daily for the 2 weeks following SE. Eight weeks after the last CNO injection, they observed a significant reduction in ectopic newborn DGCs and reduced seizure frequency. Furthermore, area CA3 back-projections, a part of newborn DGC networks, were reduced while EC projections were increased from non-hM4Di controls toward non-pilocarpine controls (Lybrand et al., 2021). Botterill et al. (2019) harnessed another pathophysiological mechanism when they selectively inhibited hM4Di-expressing mossy cells in the DG of dopamine receptor D2-Cre+/– mice with CNO prior to inducing SE with pilocarpine. Their results demonstrated that, in addition to attenuating SE and decreasing neurodegeneration in the hilus and CA3, the inhibition of mossy cells in the DG resulted in reduced number, frequency, and severity of recurrent seizures during the chronic seizure phase (Botterill et al., 2019).

Previously in this review, we discussed results obtained by Xu et al. (2019) that showed that epileptic mice had increased resistance to phenytoin after activation of hM3Dq-expressing PNs in the subiculum. However, in the same publication, Xu et al. (2019) also decreased phenytoin resistance in the same phenytoin-resistant mouse model by expressing hM4Di in subicular PNs. Specifically, their results demonstrated that the administration of CNO along with phenytoin raised the afterdischarge threshold in mice that were kindled by the electrical stimulation of the amygdala. Interestingly, the inhibitory effect of hM4Di did not increase the afterdischarge threshold in the absence of phenytoin (Xu et al., 2019). Since phenytoin was administered intraperitoneally, it likely affected cells outside of the hippocampus. The requisite of systemic phenytoin for efficacy of specific inhibition of the subiculum suggests a more complex circuit interaction involving global networks when the seizure focus is located outside of the hippocampus. Targeting a single node within an excited network may not be sufficient to abrogate seizures. Furthermore, choke points distal to the focus may be more efficient in gating excessive network activity (Paz and Huguenard, 2015). For this reason, other researchers have focused their efforts on evaluating the impact of extrahippocampal networks and nodes on epileptic activity. In the next section, we present publications that used DREADDs to investigate extrahippocampal networks.




DREADDs Targeted to Extrahippocampal Networks


Seizures Induced by Targeting Extrahippocampal Networks

To begin, we will describe studies where extrahippocampal networks were manipulated using DREADDs to create new seizure models. Despite the prevalence of using chemoconvulsants in seizure models, they have several drawbacks including lack of control over the interval between the administration of chemoconvulsants and seizure onset, variability in the drug metabolism, and possible off-target and unintended side effects (Cela and Sjöström, 2019). The use of DREADDs to develop seizure animal models may mitigate these drawbacks. Figure 4 and Table 1 (figure reference designation of 4) summarize extrahippocampal circuits discussed in this section.
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FIGURE 4. Extrahippocampal targets of chemogenetics interrogated by each of the authors cited. Sagittal section of adult rodent brain. Table 1 provides a key to the denoted publications and is organized by where each of the authors are cited in this review. Publications denoted in green were used by the authors cited to either potentiate or induce seizures with DREADDs (figure reference designation of 4). Blue labels indicate where hM3Dq was used to decrease seizures (figure reference designation of 5). Red labels indicate where hM4Di was used to decrease seizures (figure reference designation of 6). Projections labeled in black indicate connectivity that may contribute to the circuits evaluated. Dotted lines indicate structures outside of the plane depicted. Created in BioRender.com. DREADDs, designer receptors exclusively activated by designer drugs; hM3Dq, Gq-coupled human M3 muscarinic DREADD; hM4Di, Gi-coupled human M4 muscarinic DREADD; HPA, hypothalamic-pituitary-adrenal axis; HPC, hippocampus; PFN, parafascicular nucleus; PVH, paraventricular hypothalamic nucleus; RTN, reticular thalamic nucleus; SNr, substantia nigra pars reticulata; VTA, ventral tegmental area.



The first example of the use of DREADDs to induce seizures with probes targeted to extrahippocampal networks was demonstrated by Alexander et al. (2009) when they developed a mutant mouse line that expressed hM3Dq in CaMKIIα-positive neurons in the hippocampus and throughout the cortex. The systemic administration of at least 1 mg/kg of CNO in this mutant mouse line induced neuronal activation and generalized seizures similarly observed in chemoconvulsant-induced animal models of acute epilepsy. Additionally, the authors showed that there is a dose dependent response to CNO in seizure severity and the percentage of animals reaching SE (Alexander et al., 2009).

One third of all epilepsies have a genetic origin known as idiopathic generalized epilepsies. Treatment of idiopathic generalized epilepsies with ASDs may be ineffective. Additionally, patients with idiopathic generalized epilepsies often present with a structurally normal brain on imaging studies and have no focal seizure onset zone. This in turn renders the patient ineligible for resective surgery [Engel and International League Against Epilepsy (ILAE), 2001; Mullen et al., 2018]. Absence epilepsy is a non-convulsive idiopathic generalized epilepsy believed to arise from cortico-thalamocortical circuitry and is characterized by spike-wave discharges (McCormick and Contreras, 2001). Panthi and Leitch evaluated the effect of global and focal inhibition of hM4Di-expressing extrahippocampal PV-INs in double transgenic non-epileptic mice. They achieved network-wide inhibition of all cortico-thalamocortical PV-INs by intraperitoneal injection of CNO doses of 5.0 mg/kg or greater. The inhibition induced paroxysmal oscillatory activity known as afterdischarges. Inhibition of somatosensory cortex or reticular thalamic nucleus PV-INs was also achieved by focal injection to the somatosensory cortex or reticular thalamic nucleus, respectively. This approach required lower CNO doses of approximately 2.5 mg/kg and resulted in afterdischarges, spike wave discharges, and behavioral changes characteristic of absence seizures. The study suggested that the somatosensory cortex and reticular thalamic nucleus PV-INs restrained cortical pyramidal cells and thalamic cortical cells, respectively (Panthi and Leitch, 2019).

Although the CNO doses required to generate seizures are much higher than the normal effective doses (≅1 mg/kg) for DREADDs activation, these results show the potential of generating acute generalized seizures in an “on demand” way with high cellular selectivity. By targeting hM3Dq or hM4Di to specific regions and subsets of cells, DREADDs reduce off-target effects of chemoconvulsants since CNO is inert to receptors other than the expressed DREADD. Furthermore, the effect of DREADDs may be titrated both at the level of receptor expression and dose of ligand administered, which may allow for tighter control over the severity and duration of seizures produced in animals.



Seizure Control by hM3Dq Targeted to Extrahippocampal Networks

In addition to activating cells within the hippocampus, hM3Dq-mediated excitation has allowed for evaluation of extrahippocampal neuronal circuits on seizures originating from within the hippocampus. The studies presented in this section are summarized in Figure 4 and Table 1 (figure reference designation of 5). Wang et al. (2018) evaluated hM3Dq-mediated activation of motor cortex PV-INs in the same IHKA epilepsy model presented previously. Their data shows that direct activation of motor cortex PV-INs increased the latency to SE but did not reduce the number of generalized seizures. This may suggest that hippocampal inhibitory cells are a better target for reducing TLE progression than cortical areas (Wang et al., 2018). In another study, the same investigators shifted their attention to activation of another extrahippocampal network, the medial septum to hippocampus cholinergic circuit. They demonstrated that administration of CNO to choline acetyl-transferase-Cre mice expressing hM3Dq in medial septum cholinergic neurons resulted in reduced number and duration of spontaneous seizures in epileptic mice subjected to the same IHKA model of TLE. Since the muscarinic agonist pilocarpine is a commonly used chemoconvulsant, exciting cholinergic neurons to inhibit seizures is potentially counterintuitive. Therefore, Wang et al. (2020) used retroviral tracing to demonstrate that most of these cholinergic neurons projected directly to PV- and SOM-INs in the hippocampus. We have previously described that activation of hippocampal PV- and SOM-INs with hM3Dq has an inhibitory effect on seizures. However, they found that in these choline acetyl-transferase-Cre mice expressing hM3Dq in the medial septum, the sustained antiseizure effect generated by the administration of a daily single dose of CNO for 7 days was maintained for the 7 days following the end of CNO treatment. This may suggest that synaptic plasticity was induced from the sustained modulation of cholinergic signaling (Wang et al., 2020).

The parafascicular nucleus of the thalamus is known to be involved in the generation of physiological oscillatory rhythms and in the control of epileptic seizures due to its projections from and to areas implicated in seizure generation such as the cortex, thalamus, hippocampus, and especially the striatum (Vuong and Devergnas, 2018). In an elegant study using the IHKA animal model of spontaneous seizures in vesicular GABA transporter-Cre mice, Chen B. et al. (2020) demonstrated that the activation of parafascicular nucleus GABAergic neurons with hM3Dq prior to the injection of KA nearly doubled the latency to seizure generalization and decreased the number of generalized seizures. Mortality was also reduced in these mice. Furthermore, retrograde tracing provided evidence that GABAergic neurons in the substantia nigra pars reticulata were upstream of the parafascicular nucleus GABAergic neurons. Optogenetic activation of GABAergic neurons expressing channelrhodopsin-2 in the substantia nigra of vesicular GABA transporter-Cre mice potentiated kindling effects from electrical stimulation of CA3. Activation of hM3Dq-expressing GABAergic neurons in the parafascicular nucleus with CNO prior to kindling events removed this optogenetic pro-kindling effect. This suggests that GABAergic neurons in the substantia nigra modulate the antiseizure effect of parafascicular nucleus GABAergic neurons (Chen B. et al., 2020).



Seizure Control by hM4Di Targeted to Extrahippocampal Networks

For the motor component of a seizure to manifest, it most likely must generalize to regions of the brain that control movement. Additionally, extrahippocampal systems may alter hippocampal excitability through direct or indirect connections. We now present publications that constrained extrahippocampal cells or networks with hM4Di to control seizures (summarized in Figure 4 and Table 1—reference designation of 6). Evidence suggests that seizure control can be achieved by the direct inhibition of motor neurons. Kätzel et al. (2014) demonstrated that direct inhibition of PNs of the motor cortex by hM4Di reduced acute motor seizures induced by pilocarpine and picrotoxin. In their experiments, picrotoxin-induced behavioral seizures were reduced only after 3 months which allowed for maximal hM4Di expression. Additionally, they demonstrated the capability of inhibition of motor neurons in reducing seizure severity over an extended course of more than 3 h in the tetanus-toxin model of neocortical epilepsy (Kätzel et al., 2014).

Since the epileptic focus is not always defined, hM4Di was also employed to evaluate if the thalamus could act as a chokepoint to networks involved in epilepsy. In a study performed by Wicker and Forcelli, the inhibition of thalamic neurons by hM4Di resulted in limbic seizure attenuation in rats submitted to electrical kindling in the amygdala. Furthermore, they showed that the level of reduction in seizure severity and duration of electrographic activity was dependent on the CNO dose administered. Additionally, higher doses of CNO (10 mg/kg) completely blocked seizure activity in a subset of animals (Wicker and Forcelli, 2016). In another previously discussed thalamic interface, the direct inhibition of PV-INs expressing hM4Di in the substantia nigra pars reticulata of PV-Cre mice resulted in prolonged latency to KA-induced SE and seizure generalization, while chronic treatment was able to reduce the number and severity of spontaneous seizures (Chen B. et al., 2020).

The hypothalamic-pituitary-adrenal axis is under control of the paraventricular nucleus of the hypothalamus. Corticotropin-releasing hormone neurons in the paraventricular nucleus of the hypothalamus may provide a link between increased corticosteroid levels and seizure susceptibility (Herman et al., 2003). Previous publications have demonstrated that increased corticotropin-releasing hormone increased PN excitability in the hippocampus (Aldenhoff et al., 1983; Hollrigel et al., 1998; Maguire and Salpekar, 2013). To further investigate the connection between stress and seizures, Hooper et al. (2018) bilaterally inhibited corticotropin-releasing hormone neurons in the paraventricular nucleus of the hypothalamus by expressing hM4Di in transgenic corticotropin-releasing hormone-Cre mice. Orally administered CNO led to a reduction in pilocarpine-induced seizures while also reducing behaviors associated with depression (Hooper et al., 2018). Corticotropin-releasing hormone neurons are under tight control of GABAA INs from multiple limbic brain regions including the hippocampus and thalamus (Cullinan et al., 1993). However, balanced levels of corticosterone are required for physiological function of the hippocampus (Diamond et al., 1992). Therefore, an abnormal hippocampus may lead to hyperactivity of the hypothalamic-pituitary-adrenal axis and amplify the pro-ictal effect of corticotropin-releasing hormone, further propagating the breakdown of homeostatic mechanisms.




The Use of DREADDs to Understand Biochemical Mechanisms of Epilepsy

In addition to anatomical/network changes, one critical characteristic of epilepsy that results from a persistent hyperexcitable network is the induction of maladaptive responses at the cellular level (Queenan et al., 2018). One of the most important cellular alterations is known as Hebbian plasticity, which comprises mechanisms of long-term potentiation and long-term depression. These mechanisms drive long-lasting alterations in synaptic strength to ensure network stability, providing feedback to unrestrained network hyperactivation (Lignani et al., 2020). Pathological mossy fiber sprouting may occur after death of DGC terminals (Cavarsan et al., 2018) and is assumed to contribute to recurrent closed-loop circuitry of excitatory synapses between the DG and CA3 (Santhakumar et al., 2005; Buckmaster, 2010). To better understand the synaptic homeostatic mechanisms between the hippocampal layers CA3 and DG, Queenan et al. (2018) investigated the synaptic homeostatic plasticity resulting from epileptogenesis in mice. In their report, they focused on hM4Di-expressing DGCs with mossy fibers that targeted CA3 neurons that were not transfected with hM4Di. Chronic inactivation of this subset of DGCs with CNO was associated with cellular changes in these untransfected CA3 neurons including large increases in presynaptic bouton size, containing increased synaptoporin, and tripled the postsynaptic accumulation of the major scaffolding protein of mature glutamate synapses, postsynaptic density protein-95. Their results suggest that presynaptic mechanisms drive both pre-and postsynaptic expansion of DG-CA3 synapses (Queenan et al., 2018). In addition to a key role in epileptogenesis, these synaptic mechanisms associated with the accumulation of postsynaptic density protein-95 have been described to be fundamental to cognitive and behavioral functions in both healthy and pathological conditions (Yao et al., 2004; Delint-Ramírez et al., 2008; Keith and El-Husseini, 2008; Sun et al., 2009; Coley and Gao, 2019).

As discussed previously, DGCs have low excitability, which contributes to the gating function of the DG. In excitatory neurons, the KCC2 channel is necessary for proper function of postsynaptic GABAA receptor signaling and hyperpolarizing GABAergic transmission. KCC2 functions by maintaining low intracellular Cl− concentration in normal conditions through inward K+ gradients for the extrusion of Cl− (Cristo et al., 2018). The downregulation of KCC2 can lead to increased neuronal excitability associated with numerous psychiatric and neurologic disorders including epilepsy (Kahle et al., 2016; Chen et al., 2017; Duy et al., 2019; Goutierre et al., 2019). Therefore, the downregulation of KCC2 may lead to increased excitability in DGCs and the breakdown of the dentate gate. First, to test whether the downregulation of KCC2 can be reversed or attenuated, Goutierre et al. (2019) used KCC2-directed small hairpin RNA to downregulate KCC2 expression in the hippocampus of rats expressing hM4Di in DGCs. Their data suggests that the knockdown of KCC2 in DGCs (with similar results in CA1) resulted in reduced potassium conductance due to diminished expression of outward rectifying Task-3 potassium channels, leading to strengthened EC afferents and hippocampal hyperexcitability. After treatment of these rats with CNO, the researchers observed a restoration in DGC membrane properties, which reversed the hyperexcitability generated by KCC2 knockdown. However, selective KCC2 knockdown in the DG of rats did not result in spontaneous recurrent seizures and did not potentiate the effects of pilocarpine induced SE (Goutierre et al., 2019).

The dysregulation of glial cells, specifically astrocytes, has also been implicated in the generation and worsening of epileptiform activity by the release of excitatory gliotransmitters including glutamate, D-serine, and ATP (Robel et al., 2015; Vargas-Sánchez et al., 2018). Therefore, an application of hM3Dq was to modulate astrocytes to investigate both the intrinsic mechanisms of reactive astrogliosis and their influence on surrounding neurons. Durkee et al. (2019) expressed hM3Dq in astrocytes of the hippocampus by using a glial fibrillary acidic protein promoter. The selective activation of these astrocytes increased extracellular Ca2+ and facilitated glutamate release, which activated N-methyl-D-aspartate receptors and induced slow inward currents in surrounding neurons. Interestingly, selective activation of both hM3Dq and hM4Di in astrocytes in the primary somatosensory cortex of mouse brain slices generated increased glutamate release resulting in enhanced neuronal excitability (Durkee et al., 2019).



Using DREADDs to Investigate the Comorbidities of Epilepsy

Since the progression of epilepsy exposes the brain to prolonged abnormal electrical activity, it may lead to cognitive and psychosocial impairments (Fisher et al., 2014; Falco-Walter et al., 2018). The most prominent cognitive problems found in TLE patients are mental slowness, memory impairments, and attention deficits (Rijckevorsel, 2006). These cognitive impairments are also found in chemically induced animal models of TLE. The administration of pilocarpine in mice generates chronic hyperexcitability of glutamatergic DGCs increasing seizure susceptibility. These animals also exhibit impairments in spatial and discriminative memory (Kalemenev et al., 2015; Kahn et al., 2019; Smolensky et al., 2019; Park et al., 2020). To minimize the cognitive impairments that result from the progression of epilepsy, Kahn et al. (2019) expressed hM4Di in DGCs of mice with chronic epilepsy, induced by systemic administration of pilocarpine. They demonstrated that the administration of CNO reduced DG hyperexcitability, which led to the recovery of memory impairments in these epileptic mice while having no effect in green fluorescence protein-expressing controls. In a separate cohort of non-epileptic mice, they then showed that hyperexcitability induced in DGCs by hM3Dq led to spatial memory deficits comparable to epileptic mice (Kahn et al., 2019).




DISCUSSION

In this review, we presented examples of the application of DREADDs to epilepsy research. DREADDs has been used to manipulate a subset of cells to potentiate seizures. Additionally, groups have demonstrated DREADDs as a technique to create a seizure focus and to elucidate cellular and network mechanisms underlying seizures. Both hM3Dq and hM4Di have been used to control seizures. Several groups explored ligand dosing strategies for controlling seizures and identified important considerations for designing regimens for future experiments. Furthermore, DREADDs have been used along with other techniques to identify pathological changes in biochemistry that may lead to epilepsy. Finally, DREADDs can be used to investigate comorbidities associated with epilepsy. These experiments may help identify therapeutic targets for future treatment strategies.


Comparison Between DREADDs and Optogenetics

There are other tools that have been used to manipulate cells to evaluate the pathophysiology of epilepsy. Optogenetics is a powerful tool for modulating neuronal activity. Cela and Sjostrom provided a thorough review of its application in epilepsy research (Cela and Sjöström, 2019). A review by Forcelli provided comparisons between optogenetics and chemogenetics in epilepsy research (Forcelli, 2017). Briefly, optogenetics allows for both the activation (e.g., channelrhodopsins) and inhibition (e.g., halorhodopsin) of neurons by light induced ion channel opening (Nagel et al., 2002; Krook-Magnuson et al., 2015; Cela et al., 2019). Optogenetics has an immediate effect on neuronal activity upon light stimulation and its stimulus has temporal resolution of milliseconds (Boyden et al., 2005; Gunaydin et al., 2010). Despite its high temporal resolution, optogenetics requires hardware implantation for light delivery (Cook et al., 2013; Krook-Magnuson et al., 2013; Paz et al., 2013). In addition, the effect of optogenetics depends on the penetration of light into the brain (Yizhar et al., 2011), which is confined to a small region around the light source. The required light stimulation when using optogenetics has posed challenges for its implementation in larger brains such as nonhuman primates due to the skull’s thickness (Herculano-Houzel, 2009; Watanabe et al., 2020). Additionally, the increased intensities necessary to activate larger regions may lead to heat generation from the fibers (Yizhar et al., 2011) which may alter the physiological properties of surrounding brain tissue (Kim and Connors, 2012). Unlike optogenetics, the actions of DREADDs are mediated either by the adenylyl cyclase signaling pathway (hM4Di) or inositol 1,4,5-trisphosphate-mediated Ca2+ release (hM3Dq), which results in much slower onset of their effect (Alexander et al., 2009; Forcelli, 2017; Atasoy and Sternson, 2018). The effects of DREADDs on neuronal activity start approximately 30 min after ligand administration and can last up to several hours.

An interesting solution for the limitation of optogenetics was demonstrated by Tung et al. (2018) when they combined optogenetics with chemogenetics to remove the necessity of an implanted light source. Specifically, inhibitory luminopsin, a protein resulting from the fusion of an inhibitory halorhodopsin and luciferase probe, allowed the cells that express inhibitory luminopsins to have an optogenetic-induced response by their own light-source when activated by the ligand coelenterazine. This resulted in inhibitory effects with temporal resolution comparable to external light-activated halorhodopsin, but activated by a chemical ligand. This also allows receptors in spatially distinct locations to be activated by systemic administration of a ligand. By targeting both the dentate gyrus and anterior nucleus of the thalamus, Tung et al. (2018) demonstrated the inhibitory effects of luminopsins in reducing seizures induced by pentylenetetrazol in rats.



Challenges for Clinical Translation of DREADDs

Having presented applications of DREADDs to epilepsy research, we now consider their potential to be used in treating patients with seizure disorders. DREADDs-based therapies are promising treatment strategies to address the need for effective epilepsy treatments. The fact that the exogenous ligands of DREADDs are largely inert toward other receptors and tissues is a desirable attribute of this technique when being considered for therapeutic applications. Here, we have identified a few challenges to be met before the implementation of a DREADD construct as a form of ASD.

First, to apply one of the described DREADDs as an intervention for patients with epilepsy, the utilization of gene therapy is likely needed. Even though several gene therapies have been validated in preclinical models, the concern for untoward effects associated with the use of viral vectors to deliver gene therapies persists. Recent advancements in gene therapies are focused on minimizing potential side effects by engineering vectors with high selectivity for the targeted cells of the brain (Wang et al., 2019).

Second, since the genetic modification of neurons is likely irreversible, an optimal viral dosage to achieve the desired therapeutic effect without compromising normal brain function must be identified. The dosage of viral vectors is dependent on the number of viral copies per infected neurons, number of cells infected, and resultant level of receptor reserve in the target tissue. This requires a precise strategy to ensure that the epileptic zone is effectively transfected with minimal spread to neighboring regions (Lieb et al., 2019).

Third, decisions for current therapies that alter the genome to enter human trials are made restrictively in cases where the diseases are reported to be untreatable, or when conventional therapies are no longer effective (Lowenstein, 2008). Along with the possible safety issues and technical considerations described above, a therapy that modifies the human genome needs to take into consideration the patient’s privacy, free will, and personal identity. The legal and social implications of altering the human genome are complex (Canli, 2015).

Fourth, another challenge in applying chemogenetics to treat the diseases that affect the central nervous system is how to deliver the construct across the BBB. For this reason, the AAV carrying the DREADD viral construct has predominantly been delivered to the target brain region via stereotaxic surgery. The use of AAVs in neural tissue presents a safe and reliable profile with high specificity of viral vectors to infect specific subsets of cells (McCown, 2005; Bowers et al., 2011; High and Aubourg, 2011; Weinberg et al., 2013; Canli, 2015). However, the limited capacity of AAVs to cross the BBB requires intravenous delivery of different serotypes of AAV. New tools, such as drugs that transiently increase BBB permeability may overcome this problem. An alternative is the development of new AAV serotypes with higher crossing capacities, such as recombinant AAVs or human recombinant AAVs (Jackson et al., 2016; Goertsen et al., 2022). These technologies would need to be combined with more specific cellular promoters to maintain the regional specificity driven by stereotaxic injection (Hudry and Vandenberghe, 2019). Another option is intrathecal injections, either cisternal or lumbar, of the viral vectors (Hocquemiller et al., 2016).

Fifth, ligands for DREADDs activation will also need to cross the BBB. Recent publications provided evidence that CNO is reverse metabolized peripherally into clozapine and N-desmethylclozapine. Instead of CNO, these metabolites cross the BBB and possess higher binding affinity to muscarinic DREADDs than CNO (Nawaratne et al., 2008; Hellman et al., 2016; Gomez et al., 2017; Manvich et al., 2018). A potential alternative to requiring ligand delivery was made by Lieb et al. (2018) when they engineered an antiepileptic autoregulatory chemogenetic therapy. Their technique consisted of genetically modifying a glutamate-gated chloride channel gene found in round worms (Caenorhabditis elegans) to have higher sensitivity to glutamate. Pilocarpine-induced epileptic mice that had these enhanced glutamate-gated chloride channels delivered into cortical pyramidal neurons showed attenuated acute seizures and a progressive decrease in the number and frequency of seizures in the chronic period of epilepsy (Lieb et al., 2018). Most interestingly, despite activity of enhanced glutamate-gated chloride channels being regulated by endogenous glutamate, expression of these modified channels in the brain does not affect normal brain function. This is most likely due to the efficient clearance of glutamate from extrasynaptic spaces by excitatory amino acid transporters (Tzingounis and Wadiche, 2007; Lieb et al., 2018). These results increase the likelihood of finding appropriate ligands for DREADDs as a treatment modality.

Finally, another important consideration when applying DREADDs to treating patients with epilepsy is the longevity of the treatment. The substantial effect and relatively long duration of 8 h after administration of ligand currently make DREADDs an ideal rescue treatment upon administration of the ligand. Long-term dosing of the ligand as a chronic treatment requires further development and consistency across researchers in designing experiments. It is unknown whether the tolerance effect presented by Goossens et al. (2021) above could have been avoided by changing the dosing schedule or increasing the number of expressed receptors since it was originally hypothesized that receptor reserve would protect against tolerance. Furthermore, tolerance effects have not been evaluated when targeting interneurons with DREADDs. An alternative would be to develop a DREADD construct that was resistant to desensitization. Since DREADDs require the same cellular machinery that GPCRs use to mediate their effect, they are also subject to phosphorylation-dependent effects such as desensitization and arrestin-mediated receptor degradation (Yu et al., 1993). These cellular mechanisms can lead to the tolerance effects described above. The neuronal effects of DREADDs are largely thought to be mediated by GPCR mechanisms (Armbruster et al., 2007) so biased receptors may still mediate the intended effect without being desensitized. To evaluate adverse effects that may be associated with the use of cholinesterase inhibitors in Alzheimer’s disease, Bradley et al. (2020) developed a phosphorylation-deficient DREADD. Knocking in this DREADD in mice resulted in expression in cells instead of the wild-type receptor. They demonstrated that treatment of these mice with CNO resulted in TLE-like seizures that were comparable to seizures induced by pilocarpine (Bradley et al., 2020). Although they did not show long-term effects of their phosphorylation-deficient DREADD, this DREADD construct or a phosphorylation deficient version of hM3Dq or hM4Di may be resistant to phosphorylation-dependent receptor degradation, and of potential use in chronic treatment for epilepsy.

Prior to clinical use, DREADDs must be demonstrated safe and efficacious in non-human primates. As a first step, researchers investigated whether the use of rodent-optimized viruses can transduce and drive the required levels of DREADD expression in these primates. To evaluate this, Galvan et al. (2019) performed an ultrastructural analysis of DREADD location in non-human primate and mouse neurons to verify whether differences across species might impact the subcellular location and plasma membrane expression of DREADDs. They reasoned that the neurons that express DREADDs in locations other than the plasma membrane would be unable to modulate neural activity. Using the same virus construct to express hM4Di fused to the mCherry fluorescent reporter protein, they showed that individual DREADDs were expressed mainly in the plasma membrane of mice. However, in non-human primate brain tissue, the receptors were found distributed in the intracellular space, where they are not able to perform their modulatory action (Galvan et al., 2019).




CONCLUSION

In summary, DREADDs have proven to be powerful tools for improving our understanding of the pathophysiology of epilepsy. DREADDs have the potential to become new treatment modalities for patients suffering from this disease. Further investigations are needed in order to apply the laboratory findings to improve treatment outcomes for these patients.
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Objective: This study was designed to investigate the influence and mechanism of gap junction carbenoxolone (CBX) on dynamic changes in the spectral power of ripples and fast ripples (FRs) in the hippocampus of chronic epileptic rats.

Methods: The lithium-pilocarpine (PILO) status epilepticus (SE) model (PILO group) and the CBX pretreatment model (CBX + PILO group) were established to analyze dynamic changes in the spectral power of ripples and FRs, and the dynamic expression of connexin (CX)26, CX32, CX36, and CX43 in the hippocampus of chronic epileptic rats.

Results: Within 28 days after SE, the number of spontaneous recurrent seizures (SRSs) in the PILO group was significantly higher than that in the CBX + PILO group. The average spectral power of FRs in the PILO group was significantly higher than the baseline level at 1 and 7 days after SE. The average spectral power of FRs in the PILO group was significantly higher than that in the CBX + PILO group at 1, 7, and 14 days after SE. Seizures induced an increase in CX43 expression at 1 and 7 days after SE, but had no significant effect on CX26, CX36, or CX32. CBX pretreatment did not affect the expression of CXs in the hippocampus of normal rats, but it inhibited the expression of CX43 in epileptic rats. The number of SRSs at 2 and 4 weeks after SE had the highest correlation with the average spectral power of FRs; the average spectral power of FRs was moderately correlated with the expression of CX43.

Conclusion: The results of this study indicate that the energy of FRs may be regulated by its interference with the expression of CX43, and thus, affect seizures. Blocking the expression of CX43 thereby reduces the formation of pathological high-frequency oscillations (HFOs), making it a promising strategy for the treatment of chronic epilepsy.

Keywords: carbenoxolone, chronic epilepsy, connexin, ripples, fast ripples


INTRODUCTION

There are extensive high-frequency oscillations (HFOs) in neural networks. The term HFOs refers to electroencephalogram (EEG) activity with a frequency of 40–500 Hz, including γ oscillation (40–80 Hz), ripple oscillation (80–200 Hz), and fast ripple oscillation (250–500 Hz) (Höller et al., 2019). HFOs can be divided into physiological and pathological, which differ in their frequency, location and mechanisms (Le Van Quyen et al., 2006). Physiological HFOs gradually mature with brain development. Ripples (>140 Hz) are observed in the hippocampus of rats during their second week after birth. A vitro hippocampal model has confirmed that physiological HFOs can be controlled by a feedback circuit between GABAergic interneurons and pyramidal cells (Hájos and Paulsen, 2009). In physiological states, HFOs are associated with sensory information processing and hippocampal memory function (Höller et al., 2019); whereas, in pathological states, HFOs are closely related to epilepsy (Frauscher et al., 2017; Velmurugan et al., 2019; Tingley and Buzsáki, 2020).

Our previous study showed that the energy of HFOs in hippocampal regions CA1 and CA3 of the lithium-pilocarpine (PILO) status epilepticus (SE) model was significantly higher than that of physiological HFOs (Song et al., 2016). The spectral power of fast ripples (FRs) during seizures can be used as a quantitative indicator providing an early warning of seizures (Song et al., 2016).

The generation mechanism of HFOs is not completely clear; HFOs may be caused by a variety of mechanisms rather than a single mechanism of neural cells and networks. At present, it is believed that pathological HFOs, whether ripples or FRs, mainly reflect the action potential of principal cells. It may be related to the gap junction (GJ) network (Jiruska et al., 2017). Gap junctions are intercellular channels composed of special transmembrane proteins. These transmembrane protein families are called connexins (CXs) (Beyer and Berthoud, 2018). At present, more than 20 kinds of CXs have been found, and CX26 is expressed in a variety of nerve cells, especially neurons (Su et al., 2017); CX32 is widespread on oligodendrocytes (Men et al., 2019). CX36 is a connexin preferentially expressed by neurons, and it plays an important role in the transmission of electrical signals (Li et al., 2019). CX43 has the highest expression in astrocytes and it may be involved in the regulation of nerve injury, as well as epileptogenesis (Deshpande et al., 2017). The increase in electrical coupling between GJs transforms physiological HFOs into pathological HFOs (Stacey et al., 2011), which induce synaptic plasticity (Jefferys et al., 2012). Our previous study confirmed that in an acute epilepsy rat model, the spectral power of FRs and the degree of seizures can be downregulated by inhibiting the expression of different CXs (Ran et al., 2018).

It is not known whether connexins participate in the occurrence of pathological HFOs, thereby establishing abnormal electrosynaptic transmission and increasing susceptibility to seizure in the chronic phase of epilepsy. Therefore, we established an chronic epilepsy rat model to observe dynamic changes in the energy of HFOs and the expression of CXs in the hippocampus, to explore the role of GJ receptor blockers in the chronic phase of epilepsy, and to clarify whether GJ plays a key role in the occurrence and development of epilepsy, in order to provide a theoretical basis for the selection of new targets for antiepileptic therapy.



MATERIALS AND METHODS

The overall protocol and time-course of the evaluation of various outcomes are shown in Figure 1A.
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FIGURE 1. Comprehensive modeling of chronic epilepsy. (A) Schematic representation of the overall protocol and various analyses performed in chronic epileptic rats. (B) The positions of the EEG recording electrodes. CBX, carbenoxolone; AP, anteroposterior; ML, mediolateral; DV, dorsoventral.



Establishment of the Epilepsy Model and Electroencephalogram Recordings

This study was approved by the Ethics Committee of Chongqing Medical University. The ethical approval number is 2020135. Adult male Sprague–Dawley rats weighing 180–220 g were obtained from the Animal Research Institute of Chongqing Medical University. Before surgery, all the rats were intra-peritoneally (IP) injected with penicillin (1 ml/kg, 160,000 U/ml) to prevent intracranial infection. The rats were then anesthetized with 10% chloral hydrate (2 ml/kg, IP) and immobilized in a stereotaxic frame (Shenzhen Reward Life Science Company, Shenzhen, China) to surgically implant the microelectrode (nichrome wires, 0.1 mm in diameter). The recording electrode was implanted as follows: CA1-AP: 3.3–3.7 mm from bregma; ML: 2.0–3.0 mm and DV: 3.0–3.5 mm from the surface of the neocortex; and CA3–AP: 3.3 mm, ML: 3.5–3.7 mm, DV: 3.0–3.5 mm; DG–AP: 5.6 mm, ML: 4.0 mm and DV: 6.0 mm. The reference electrode was implanted on the surface of the neocortex of the bilateral parietal lobe (AP: 7.0 mm; ML: 6.0 mm), and the left forehead was used as the ground (AP: 2.0 mm; ML: 2.0 mm) (Song et al., 2016; Ran et al., 2018). The positions of these electrodes are shown in Figure 1B (Bao and Shu, 1991; Zhuge, 2005). Dental cement (Shanghai Medical Equipment Limited by Share Ltd., Shanghai, China) was used to fasten the microelectrode to the skull. After surgery, the rats were housed individually in cages under standard conditions, in a controlled environment (23 ± 2°C, 50–55%) under a 12 h:12 h light/dark cycle (lights on at 08:00 h), and ad libitum access to food and water.

Normal intracranial EEG signals (EEG 1200 systems, 32 channels, Nihon Kohden Corporation, Tokyo, Japan) were recorded on the 3rd day after surgery for 5 days (5–8 h/day), and the lithium-pilocarpine SE model was established on the 9th post-operative day (Ran et al., 2018). The rats were injected with pilocarpine (50 mg/kg IP, Sigma, Canada) 18–20 h after an injection of lithium chloride (127 mg/kg IP, Sigma, Canada). If generalized seizures (stage 4 of Racine’s criteria) were not elicited within 30 min, a second injection of pilocarpine (10 mg/kg, IP) was administered. SE was defined as the presence of continuous generalized seizures for at least 60 min without returning to normal behavior between seizures. Atropine sulfate (1 mg/kg IP, Shanghai and Feng pharmaceutical companies, Shanghai, China) was injected to limit peripheral cholinergic effects 10 min after the injection of pilocarpine. SE was arrested using diazepam (10 mg/kg IP, Shanghai Asahi Dongpu Pharmaceutical Co. Ltd., Shanghai, China) (Song et al., 2016; Ran et al., 2018). After successful modeling, the rats were injected intraperitoneally with glucose saline (2 ml/day for 3 days: 1 ml 10% glucose + 1 ml 0.9% sterile saline) to reduce mortality after SE. At 24 h after SE, EEG signals were recorded for 28 consecutive days. The sampling frequency was 1 kHz, high pass 0.16 Hz, and low pass 500 Hz. Rat seizures were monitored and the number of spontaneous recurrent seizures (SRSs) was recorded.

Forty rats were randomly divided into the lithium-pilocarpine status epileptic model (PILO group) and the carbenoxolone (CBX) pretreatment model (CBX + PILO group), with 20 rats in each group. The PILO group was pretreated with saline [8 ml/kg dose for 3 consecutive days (8:00 am and 8:00 pm) by intraperitoneal injection] before the PILO injection, the CBX + PILO group was injected with CBX [50 mg/kg dose for 3 consecutive days (8:00 am and 8:00 pm) by intraperitoneal injection] before the PILO injection. Of these, 14 rats in the PILO group and 13 rats in the CBX + PILO group were successfully modeled. Due to factors, such as shedding of implanted electrodes and the death of rats, the EEG signals with SRSs of 11 rats in the PILO group and 9 rats in the CBX + PILO group were recorded over 28 consecutive days. One experimenter randomly coded the two groups of rats, and the other experimenter selected 8 rats in each group as the research subjects, using a random coding lottery.



Electroencephalogram Analysis

We selected 10-min samples of the electrical activity of EEG signals for quantitative analysis at 5 time points (1 day before SE, and 1, 7, 14, and 28 days after SE). Quantitative analysis was conducted on the HFOs for the 10 min EEG signals collected at each of the above time points. In this study, the Morlet wavelet algorithm was used to extract ripples and FRs signals, including average and peak spectral power analysis (Song et al., 2016; Ran et al., 2018). The average spectral power of ripples and FRs refers to the average of all spectral power in the entire observation time window; the peak spectral power of ripples and FRs refers to the spectral power at a certain time point in the entire observation time window, which is the highest spectral power of the observation time window (Song et al., 2016; Ran et al., 2018). The leads where changes in the spectral power of ripples and the FRs were the most significant were defined as responsibility leads (RLs) (Song et al., 2016; Ran et al., 2018).



Western Blot

The rats were sacrificed at 5 time points (1 day before SE, and 1, 7, 14, and 28 days after SE). Western blot was used for the semi-quantitative analysis of CX26 (Sigma-Aldrich, United States; diluted 1:400 dilution), CX32 (Sigma-Aldrich, United States; 1:400), CX36 (Sigma-Aldrich, United States; 1:600), and CX43 (Sigma-Aldrich, United States; 1:8000) expression in the hippocampus. Immunoreactive bands were visualized by the ECL Advance Western blot reagent (Bio-Rad, United States). The optical densities of the immunoreactive bands were quantified by densitometry using Labworks 4.6 software (EC3 Imaging System, UVP Inc., United States). The relative levels of the CX26, CX32, CX36, and CX43 were expressed as ratios (CX26/β-actin, CX32/β-actin, CX36/β-actin, and CX43/β-actin).



Statistical Analysis

SPSS version 23.0 was used for the statistical analysis. Quantitative data are expressed as mean ± SD. A two-way repeated-measures ANOVA was used for the statistical analysis of HFOs’ spectral power and connexin expression between the groups, and t-tests were used for pairwise comparisons. Pearson’s correlations were used to analyze other quantitative data. A bad value refers to a maximum or minimum value that does not conform to the normal distribution. A p < 0.05 was considered to be a statistically significant difference.




RESULTS


Behavioral Study

We did not observe any abnormal behaviors during the 18–24 h after lithium chloride injection. All the rats exhibited peripheral cholinergic effects after the pilocarpine injection, including pupil narrowing, piloerection, hemolacria, diarrhea, and wet-dog shakes. Seizures in all the rats were classified as stages IV and V, and all the rats exhibited SE; the peripheral cholinergic effects gradually disappeared after atropine injection. After diazepam injection, the seizures stopped.

After a latent phase lasting approximately 2–10 days (6.25 ± 2.55 days), during which no organized activity was recorded, spontaneous grade I-V SRSs reappeared in the rats in the PILO group, showing no statistical difference from rats in the CBX + PILO group [4–16 days (9.38 ± 4.03 days), t(14) = 1.852, p = 0.085] (Figure 2A). However, the probability of a seizure in the CBX + PILO group was lower than that in the PILO group (Figure 2B). Within 4 weeks, the average number of SRSs in the PILO group was significantly higher than that in the CBX + PILO group [58.88 ± 14.32 vs. 43.75 ± 10.39, t(14) = 2.418, p = 0.03] (Figure 2C). The number of SRSs per week after SE in the two groups are shown in Figure 2D.
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FIGURE 2. Lithium-pilocarpine produced chronic SRSs in rats. (A) Average latent phase in PILO and CBX + PILO groups. (B) Incidence curve of epileptic rats over time, showing latent phase to first seizure after SE. (C) Average number of SRSs in PILO and CBX + PILO groups during the 4 weeks after SE. (D) The number of SRSs per week after SE in PILO and CBX + PILO groups. (E,F) Bubble diagram of the relationship between the number of SRSs and the spectral power of ripples/FRs at 2 and 4 weeks after SE in PILO and CBX + PILO groups, the gathered bubbles of the two groups means weak correlation, and the separated bubbles of the two groups means strong correlation. (G) The correlation coefficient matrix of the number of SRSs and the spectral power of HFOs at 2 and 4 weeks after SE (average spectral power of FRs, r = 0.38; peak spectral power of FRs, r = 0.23; peak spectral power of ripples, r = 0.11; average spectral power of ripples, r = 0.10). *P < 0.05; SRSs, spontaneous recurrent seizures; PILO, pilocarpine; SE, status epilepticus; FRs, fast ripples; HFOs, high-frequency oscillations.


The relationship between the number of SRSs at 2 and 4 weeks after SE and the spectral power of ripples/FRs in the PILO and CBX + PILO groups are shown in Figures 2E,F; the bubbles of the two groups that are gathered in Figure 2E are separated in Figure 2F. The number of SRSs at 2 and 4 weeks after SE had the highest correlation with the average spectral power of FRs (r = 0.38, p = 0.035). Then, the correlations decreased with the peak spectral power of FRs (r = 0.23, p = 0.213), the peak spectral power of ripples (r = 0.11, p = 0.593), and the average spectral power of ripples (r = 0.10, p = 0.621) (Figure 2G).



Quantitative Analysis of High-Frequency Oscillations

Before modeling, ripples and FRs were observed in hippocampal regions CA1, CA3, and DG in normal rats. The most significant dynamic changes in the energy of HFOs were noted in the CA1 and CA3 regions (n = 6) and the DG region (n = 2) in the PILO group, and the CA1 and CA3 regions (n = 8) in the CBX + PILO group. Waveforms and spectrograms showing the spectral and temporal characteristics of lithium-pilocarpine-induced electrographic seizures are shown in Figure 3. Further statistical analyses of the average and peak spectral power of ripples and FRs are shown in Tables 1, 2.
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FIGURE 3. Waveforms and spectrograms features of lithium-pilocarpine-induced electrographic seizures. (A) Representative EEG traces of the baseline, epileptic seizure, and an artifact. (B–F) Waveforms and spectrograms showing the spectral and temporal characteristics of ripples (80–200 Hz) and FRs (250–500 Hz) in the PILO and CBX + PILO groups at 5 time points [1 day before SE, and 1, 7, 14, and 28 days after SE]. The waveforms were filtered with a band pass filter of 80–200 Hz and 250–500 Hz. The spectrograms reflect the accumulated time-frequency representations of the corresponding waveforms. The data demonstrate that the initiation of seizures was associated with an increase of HFOs energy, and that pretreatment with CBX could reduce HFOs energy and the degree of seizures. The HFOs are characterized by rhythmic bursts, which are significantly different from systematic artifacts, such as power line noise and its harmonics.



TABLE 1. Dynamic changes in the average and peak spectral power of ripples recorded in RLs in the PILO and CBX + PILO groups at different time points after SE (n = 8).
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TABLE 2. Dynamic changes in the average and peak spectral power of FRs recorded in RLs in the PILO and CBX + PILO groups at different time points after SE (n = 8).

[image: Table 2]
There was no significant difference in the average spectral power of ripples in the PILO and CBX + PILO groups before and after SE, nor was there a significant difference in the average spectral power of ripples between the two groups at any time point (p > 0.05) (Table 1).

The average spectral power of FRs in the PILO group at 1 and 7 days after SE was significantly higher than that at baseline [F(4,35) = 23.27, p < 0.05], peaking 1 day after SE, then gradually decreasing to baseline until 28 days after SE. There was no significant difference in the average spectral power of FRS in the CBX + PILO group before and after SE (p > 0.05) (Table 2). The average spectral power of FRs in the PILO group was significantly higher than that in the CBX + PILO group at 1, 7, and 14 days after SE [F(4,69) = 16.31, p < 0.05] (Table 2).

The dynamic changes in the average and peak spectral power of ripples and FRs were similar (Tables 1, 2).



Expression of Connexins

There was no significant difference in the expression of CX26 in the PILO and CBX + PILO groups before and after SE, nor was there a significant difference in the expression of CX26 between the two groups at any time point (Figure 4A).
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FIGURE 4. Expression of four kinds of CXs. (A–D) Western blot showing the expression of CX26, CX32, CX36, and CX43 in the hippocampus before and after SE in the PILO and CBX + PILO groups. (E) β-actin is used as a loading control. Each bar represents the mean ± SD of eight separate assays. *P < 0.05, **P < 0.01; CX, connexin.


There was no significant difference in the expression of CX32 and CX36 before and after SE in the PILO and CBX + PILO groups, but the expression of CX32 [t(14) = 2.614, p = 0.02] and CX36 [t(14) = 3.075, p < 0.05] in the PILO group was significantly higher than that in the CBX + PILO group 1 day after SE (Figures 4B,C).

Compared to the expression of CX43 before SE in the PILO group, CX43 expression increased significantly at 1 and 7 days after SE [F(4,35) = 3.63, p < 0.05], and then returned to baseline. There was no significant difference in the expression of CX43 in the CBX + PILO group before and after SE. The expression of CX43 in the PILO group at 1 and 7 days after SE was significantly higher than that in the CBX + PILO group [F(4,70) = 5.83, p < 0.05] (Figure 4D). The dynamic expression of four kinds of CXs in the hippocampus of chronic epileptic rats are shown in Figure 4E.



Correlation Analysis of High-Frequency Oscillations and Connexins

There was no significant correlation between the average spectral power of ripples and the expression of CX26, CX32, CX36, or CX43 (p > 0.05) (Figures 5A–D). There was no significant correlation between the average spectral power of FRs and the expression of CX26 or CX32 (p > 0.05) (Figures 5E,F). The average spectral power of FRs was weakly correlated with CX36 expression (r = 0.37, p < 0.05; Figure 5G), and moderately correlated with CX43 expression (r = 0.42, p < 0.05; Figure 5H).


[image: image]

FIGURE 5. Correlation analysis of the average spectral power of HFOs and the expression of CX26, CX32, CX36, and CX43. (A–D) There was no significant correlation between the average spectral power of ripples and the expression of CX26, CX32, CX36, or CX43 (P > 0.05). (E,F) There was no significant correlation between the average spectral power of FRs and the expression of CX26 or CX32 (p > 0.05). (G) The average spectral power of FRs was weakly correlated with CX36 expression (r = 0.37, p < 0.05) and (H) moderately correlated with CX43 expression (r = 0.42, p < 0.05).





DISCUSSION

Pilocarpine is a post-ganglionic cholinergic drug, which can directly stimulate M-cholinergic receptors to produce a cholinergic effect, thereby inducing seizures by activating central cholinergic receptors. The adult rat lithium-pilocarpine epilepsy model exhibits three periods: an acute phase–6–24 h after SE; a latent phase–no organized activity and EEG for at least 1 day; and a chronic phase–the appearance of SRSs. SRSs are important clinical manifestations of epilepsy. In the rat model of epilepsy, which is created using lithium-pilocarpine, SRSs appear after SE. The damage and manifestations of this model are similar to human temporal lobe epilepsy, and this model is one of the most commonly used experimental epilepsy models (Song et al., 2016). In this study, SRSs occurred within 16 days after SE, indicating entry into the chronic phase of epilepsy in the experimental rats.

Enhanced intercellular GJ communication may be involved in epileptic production (Mylvaganam et al., 2014). CBX is a glycyrrhizonic acid derivative that reduces plasma membrane mobility and inhibits gap junction conductance through multiple pathways, including protein kinase, G protein, transport ATP enzyme, and CX phosphorylation (Walrave et al., 2020). It is a broad-spectrum GJ blocker that acts on a variety of CXs. Whether in cell culture in vitro, acute brain slices, or in vivo animal experiments, CBX has been proven to block GJ quickly and reversibly, thus, further reducing the number of spontaneous/induced seizures, and reducing the duration, frequency, and amplitude of epileptic discharges (Vincze et al., 2019; Walrave et al., 2020). CBX can reduce the frequency of spontaneous HFOs activity (Naggar et al., 2020). This study confirmed that CBX can reduce the number of SRSs and the average spectral power of FRs in rats, with an antiepileptic effect.

High-frequency oscillations in the human brain are affected by sleep. Studies show that the rate of HFOs is highest during non-rapid eye movement (NREM) sleep and lowest during rapid eye movement (REM) sleep and the waking stage; the area of HFOs during NREM sleep is larger (von Ellenrieder et al., 2017). Our previous study showed that physiological and pathological HFOs have similar sleep balance characteristics (Yan et al., 2021). At present, the correlation between HFOs and sleep in the animal brain is not clear. Therefore, in our study, we selected 10-min samples of EEG signals during the interictal period (waking stage) to explore the effect of CBX on the energy changes of ripples and FRs in rats with chronic epilepsy.

High-frequency oscillations are generated by multiple mechanisms such as synchronized inhibitory post-synaptic potentials with sparse pyramidal cell firing or principal cell action potentials (Ylinen et al., 1995; Bragin et al., 2011). Synchronization of fast firing within the population of interconnected neurons leads to the formation of an episode of high-frequency population spikes, which is extracellularly recorded as an HFO event. It requires synchronization on a millisecond time scale, which is achieved via fast synaptic transmission or non-synaptic mechanisms like gap-junction coupling or ephaptic interactions–a synchronizing mechanism that depends on specific geometric organization and tight cellular arrangement (Jiruska et al., 2017). Both pyramidal neurons and interneurons are involved in HFO generation, but pyramidal cells fire preferentially at the highest amplitude of the ripples, and interneurons begin to discharge earlier than the pyramidal cells do (Cepeda et al., 2020). The inhibitory effect of the interneurons is maintained in ripples (Jefferys et al., 2012), whereas FRs reflect hypersynchronous population spikes of excitatory pyramidal cells (Kanazawa et al., 2015). The formation mechanism of HFOs with different frequencies may be different. The ripples may be formed by the synchronization of the inhibitory post-synaptic potential generated by excitatory neurons mediated by GABAA receptors, while the FRs may be derived from the field potential formed by transient, highly synchronized and sudden discharges of excitatory neurons with pathological connections (Jacobs et al., 2014; Frauscher et al., 2017). Our previous studies confirmed that the frequency of HFOs is not necessary to distinguish physiological and pathological states, that ripples and FRs can be present in both the normal and the epileptic hippocampus, and that the main difference between the two states is the different energy of HFOs (Ran et al., 2018). This study found that during the chronic phase of epilepsy, the average and/or peak spectral power of ripples did not significantly change before and after SE in the PILO and CBX + PILO groups. However, the average and peak spectral power of FRs in the PILO group were significantly higher at 1 and 7 days after SE than those 1 day before SE, and that the average spectral power of FRs in the PILO group were significantly higher than those in CBX + PILO group at 1, 7, and 14 days after SE. This suggests that in the chronic phase of epilepsy, FRs respond more to the real situation of SRSs than ripples do. In a study of intracranial EEG in epileptic patients, González Otárula et al. (2019) found the distribution of ripples was widespread, while FRs were restricted to the epilepsy initiation region. The association of FRs with seizure onset zone may be stronger than that of ripples (Frauscher et al., 2018). Animal studies suggest that ripples are related to physiological functions, such as the formation of memory and cognition, while FRs are related to the seizure onset zone (Nevalainen et al., 2020). FRs are able to influence the specific synaptic driving function of CA1 pyramidal cells, make neuronal firing randomized, and ultimately lead to the loss of control of selective discharges in the hippocampus (Valero et al., 2017). It has been suggested that an energy analysis of FRs may be a more sensitive and specific biomarker of epilepsy, compared to ripples.

Gap junction is considered to be an important component of the neuronal network, with synchronized neuronal activity and field potential oscillations (Posluszny, 2014). The EEG signals during the seizure and interictal seizure phases are correlated with the degree of electrical coupling to the GJ (Roopun et al., 2010). The upregulation of CX43 by the transient receptor potential vanoxalate-4 (TRPV4) may be involved in the pathophysiological process of epilepsy (Men et al., 2019), and the specific CX43 mimic peptide and TAT-Gap19 can reduce spontaneous seizures by inhibiting the function of GJ channels/hemi-channels of CX43 between astrocytes (Delvaeye et al., 2018; Walrave et al., 2018). We investigated the effects of seizures and CBX intervention on the expression of different CXs in the hippocampus in chronic epilepsy and found that seizures induced an increase in CX43 expression at 1 and 7 days after SE, but had no significant effect on CX26, CX36, or CX32. CBX pretreatment did not affect the expression of CXs in the hippocampus of normal rats, but it inhibited CX43 expression in epileptic rats. Further analyses revealed that the expression of CX43 was more strongly correlated with the spectral power change of FRs than the other three CXs, suggesting that the energy of FRs may be regulated by interfering with the expression of CX43, so as to affect seizures. Therefore, in addition to traditional antiepileptic drugs, drugs should be developed that target blocking the electrical conduction of GJ, thereby reducing pathological HFOs formation, which can provide a new strategy for treating epilepsy. However, the causal relationship between the energy of FRs and the expression of CX43 is still unclear. What specific signaling pathways of connexin regulate HFOs, or how neuroelectrical activity affect connexin expression, remain to be explored in the future.
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Epilepsy is a chronic non-infectious disease of the brain, characterized primarily by recurrent unprovoked seizures, defined as an episode of disturbance of motor, sensory, autonomic, or mental functions resulting from excessive neuronal discharge. Despite the advances in the treatment achieved with the use of antiepileptic drugs and other non-pharmacological therapies, about 30% of patients suffer from uncontrolled seizures. This review summarizes the currently available methods of gene and cell therapy for epilepsy and discusses the development of these approaches. Currently, gene therapy for epilepsy is predominantly adeno-associated virus (AAV)-mediated delivery of genes encoding neuro-modulatory peptides, neurotrophic factors, enzymes, and potassium channels. Cell therapy for epilepsy is represented by the transplantation of several types of cells such as mesenchymal stem cells (MSCs), bone marrow mononuclear cells, neural stem cells, and MSC-derived exosomes. Another approach is encapsulated cell biodelivery, which is the transplantation of genetically modified cells placed in capsules and secreting various therapeutic agents. The use of gene and cell therapy approaches can significantly improve the condition of patient with epilepsy. Therefore, preclinical, and clinical studies have been actively conducted in recent years to prove the benefits and safety of these strategies.
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INTRODUCTION

Epilepsy is one of the most common diseases of the nervous system (more than 50 million cases have been reported worldwide). This condition is characterized by recurrent unprovoked seizures that result from abnormally excessive firing of neurons due to an imbalance in levels of excitation and inhibition in the brain (Stafstrom and Carmant, 2015). Epilepsy can have a variety of etiologies: structural, infectious, metabolic, immune, genetic as well as unknown (Perucca et al., 2020). Despite the active research in this area, the causes of the disease are still unclear. Epilepsy is also a group of conditions that are heterogeneous in manifestations and causes, making it difficult to develop unambiguous diagnostic criteria (Thijs et al., 2019). Patients suffer from seizures that often worsen over time and is accompanied by cognitive function deterioration and mental health problems. Patients often become resistant to existing antiepileptic drugs (Sheng et al., 2018).

The production of effective methods of treatment is an urgent problem that requires an immediate solution since epilepsy is a serious medical and social problem. The risk of premature death in people with epilepsy is three times higher than in the general population (according to WHO1).

Currently, gene and cell therapy is being investigated as a way to reduce neuronal loss, inflammation, oxidative stress, and the frequency and duration of epileptic seizures. The new approaches being developed are capable of increasing the survival of neurons, improving neurogenesis, providing neuroprotection and preserving cognitive functions.

Thus, this paper discusses the promising results of gene and cell therapy for epilepsy. Table 1 and Figure 1 provide detailed information on existing in vivo studies and clinical trials.


TABLE 1. Gene and cell therapy for epilepsy.
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FIGURE 1. Methods of administration of gene and cell drugs for epilepsy reported in in vivo and clinical studies.




GENE THERAPY

The current focus of gene therapy strategies for epilepsy is primarily aimed at reducing neuronal excitability by overexpressing neuro-modulatory peptides such as neuropeptide Y (Dong et al., 2013; Zhang et al., 2013), galanin etc. (McCown, 2006) or by the genetic modification of astrocytes, for example, to suppress adenosine kinase (ADK) expression (Young et al., 2014).

Overexpression of ion channels such as the Kv1 potassium channel, which reduces the intrinsic excitability of neurons, increases the threshold for action potential generation required for neuron firing. Thus, permanent inhibition of the increased internal excitability of neurons inside the epileptic focus may have a long-term antiepileptic effect (Snowball et al., 2019). In a rat model of chronic refractory focal neocortical epilepsy, a lentivirus encoding Kv1.1 was shown to suppress epileptic activity for several weeks upon injection into an epileptic focus (Wykes et al., 2012). In addition, the use of adeno-associated virus (AAV) overexpressing Kv1.1 has resulted in a decrease in both the frequency and duration of seizures in the temporal lobe epilepsy (TLE) model (Snowball et al., 2019). CRISPRa-mediated Kv1.1 upregulation decreased spontaneous generalized seizures in the mouse model of TLE (Colasante et al., 2020).

Another approach in antiepileptic treatment is the suppression of the activity of the excitatory mediator glutamate. Neuropeptide Y (NPY) preferentially binds to three G-protein coupled receptors (Y1, Y2, and Y5). Furthermore, the antiepileptic effect of NPY in the hippocampus is mediated by binding of NPY with presynaptic Y2 or Y5 receptors, which subsequently suppress glutamate release at excitatory synapses (Berglund et al., 2003). Binding of NPY to Y1 receptors leads to an increase in the epileptic activity (Benmaamar et al., 2003). Thus, genetic modification of the hippocampus by viruses with NPY can reduce the frequency of spontaneous seizures by 40% in both the TLE model (Noe et al., 2008) and kainate-induced seizures model (Dong et al., 2013; Zhang et al., 2013). Additionally, AAV-NPY was shown to have therapeutic effects when injected into the thalamus or somatosensory cortex (SC) of genetic epilepsy model rats (Powell et al., 2018). In addition to viruses encoding the NPY, viruses encoding the receptors for this protein have also been administered to suppress seizures, which significantly increased the antiepileptic effect. For example, the injection of AAV1/2 with the NPY and Y5 significantly reduced the number of kainate-induced seizures (Gotzsche et al., 2012). The use of AAV1/2 viral vector encoding the NPY in combination with Y2 resulted in the reduction in the number of kainate-induced seizures by 31–45% (Ledri et al., 2016; Melin et al., 2019). The mechanisms of the antiepileptic effect of NPY are still unclear. However, overexpression of NPY is known to result in the expression of the N-methyl-D-aspartate receptor subunits NR1, NR2A, and NR2B, which plays a critical role in the development of epilepsy (Dong et al., 2013). Moreover, the level of the synaptophysin protein, whose expression increased in the hippocampus of patients with epilepsy, was also decreased in the kainate-induced seizures model (Zhang et al., 2013). Overexpression of NPY has been studied in limited studies. Some studies have shown no effect on short- or long-term memory (Szczygiel et al., 2020), while others have illustrated that NPY decreases synaptic plasticity and negatively affects hippocampal-based spatial discrimination learning (Sorensen et al., 2008).

In addition to the treatment approaches described above, AAVs are actively being used to deliver proteins with therapeutic properties. Nevertheless, these are primarily in vivo studies that have not yet been further developed. For example, the introduction of AAV encoding the glial cell line-derived neurotrophic factor (GDNF) gene or the γ-aminobutyric acid decarboxylase 67 (GAD67) gene reduced the seizure frequency in the TLE model (Kanter-Schlifke et al., 2007; Shimazaki et al., 2019). Moreover, promising results were demonstrated for AVVs encoding preprosomatostatin injected into the hippocampus (Natarajan et al., 2017).

Astrocyte transduction using AAV9 differs from the approach based on genetic modification of neurons described above. For example, miR-mediated suppression of ADK expression in astrocytes allowed an increase in the concentration of adenosine, which plays a pivotal role in seizure termination, and led to a decrease in the duration of kainate-induced seizures (Young et al., 2014).

A potential limitation of the viral vectors for the treatment of epilepsy is that viruses can transduce not only the epileptic focus cells, but also surrounding brain areas, so it can be difficult to determine the optimal dosage to achieve a therapeutic effect without impairing normal brain function. These difficulties can be overcome by a new strategy for creating a group of G-protein coupled receptors called designer receptors exclusively activated by designer drugs (DREADDs). DREADD technology is based on mutated human muscarinic receptors, which, when expressed in cells, can only be specifically bound and activated by the pharmacologically inert compounds, such as clozapine-N-oxide (CNO). Systemic administration of CNO leads to the opening of Gi-protein gated inwardly rectifying potassium channels, resulting in membrane hyperpolarization and neuronal inhibition. The efficacy of DREADDs has already been confirmed in a number of therapeutically relevant animal models of epilepsy (Lieb et al., 2019). For example, injection of AAV5 expressing a synthetic receptor hM4Di into the dorsal hippocampus of rats with pilocarpine-induced epilepsy led to a significantly reduction of seizures (Katzel et al., 2014). Another limiting factor is the high invasiveness of virus injection methods. In addition, even the most non-immunogenic AAV-based vectors are capable of inducing both humoral and cellular immune responses, which can greatly influence the outcome of gene therapy, since neutralizing antibodies can bind the viral particles and significantly reduce the transduction efficiency (Ronzitti et al., 2020). Some viral vectors can also lead to insertional mutagenesis due to genome integration (Athanasopoulos et al., 2017). In addition, the capacity of the vector is of great importance. For example, AAVs can only package ∼4.7 kb of DNA (Weinberg and McCown, 2013).

In gene therapy for epilepsy, the use of AAVs encoding potassium channel or NPY genes are the most investigated. However, the evaluation of the effectiveness of these therapeutic agents has not gone beyond in vivo animal systems. To date, there are no registered clinical trials aimed at investigating gene drugs for the treatment of epilepsy. In this regard, we can say that gene therapy is at an early stage of development and obviously requires more attention from researchers.



CELL THERAPY

Cell therapy for epilepsy includes a variety of approaches, including the use of MSCs (Abdanipour et al., 2011; Mohammed et al., 2014; Park et al., 2015; Hlebokazov et al., 2017, 2021; Fukumura et al., 2018; Salem et al., 2018; Melin et al., 2019; Szczepanik et al., 2020; Wang et al., 2021), mononuclear cells (Costa-Ferro et al., 2010; Leal et al., 2014; DaCosta et al., 2018), cells of the nervous system (Baraban et al., 2009; Waldau et al., 2010; Cunningham et al., 2014; de Gois da Silva et al., 2018; Upadhya et al., 2019), and encapsulated cells expressing various therapeutic factors (Kanter-Schlifke et al., 2009; Kuramoto et al., 2011; Nikitidou et al., 2014; Falcicchia et al., 2018; Paolone et al., 2019), as well as exosomes (Long et al., 2017; Xian et al., 2019). Cell therapy is an alternative treatment that can be used to reduce the incidence rate of seizures in epilepsy, including drug-resistant epilepsy, as shown in several clinical studies (Hlebokazov et al., 2017, 2021; DaCosta et al., 2018; Milczarek et al., 2018; Szczepanik et al., 2020).


Transplantation of Neural Cells

Promising approaches for epilepsy treatment are aimed at replenishing the neuronal loss in the hippocampus by transplanting cells of the nervous system. The neural stem cell is capable of self-renewal and differentiation into neurons, glial cells, and oligodendrocytes as well as expression of neurotrophic factors. Transplantation of neural stem cells into the hippocampus of epileptic rats led to an increase in the number of GABAergic neurons and cells expressing GDNF, which resulted in the suppression of seizures (Waldau et al., 2010).

The protective role of neurospheres, which are spherical clusters of neural stem cells grown in vitro, have also been studied. Intravenous administration of neurospheres into epileptic rats has been shown to reduce oxidative damage by significantly increasing the level of antioxidant enzymes such as glutathione, superoxide dismutase and catalase (de Gois da Silva et al., 2018).

It has been shown that progenitor cells from embryonic medial ganglionic eminence (MGE) can differentiate into functional GABAergic interneurons. Transplantation of MGE precursors into the cortex of model mice with a deletion of potassium channels led to a significant reduction in the duration and frequency of spontaneous electrographic seizures, which is achieved due to GABA-mediated synaptic inhibition (GABA is an inhibitory neurotransmitter) (Baraban et al., 2009).

GABAergic interneurons can be derived from induced pluripotent stem cells (iPSCs). It has been shown that transplantation of pluripotent stem cell-derived GABAergic interneurons into the hippocampus of model animals led to a decrease in seizures and other behavioral abnormalities (Cunningham et al., 2014; Upadhya et al., 2019).



Mesenchymal Stem Cell Transplantation

Mesenchymal stem cells (MSCs) have many therapeutic properties useful in epilepsy, including neuroprotection, immunomodulation, neurogenesis support, inflammation, and oxidative stress damage suppression. These effects are achieved due to the fact that MSCs secrete various neurotrophic factors, anti-inflammatory cytokines, growth factors and other biologically active molecules (Vizoso et al., 2017; Milczarek et al., 2018). It is also known that MSCs can cross the blood-brain barrier and migrate to the affected area. Even after intravenous administration, MSCs migrate into the hippocampus of model animals with epilepsy and have a therapeutic effect (Abdanipour et al., 2011).

Numerous studies have shown that the administration of undifferentiated MSCs can significantly decrease the frequency of seizures (Hlebokazov et al., 2017, 2021; Milczarek et al., 2018; Szczepanik et al., 2020), improve cognitive (Fukumura et al., 2018; Milczarek et al., 2018; Wang et al., 2021) and motor functions (Mohammed et al., 2014), increase the number of neurons (Abdanipour et al., 2011), reduce oxidative stress (Salem et al., 2018). The introduction of MSCs promotes the survival of GABAergic interneurons (Mohammed et al., 2014; Fukumura et al., 2018).

It has been shown that MSCs begin to secrete BDNF, NT3, and NT4 after neuronal differentiation. Their transplantation into the hippocampus of rats with kainic acid-induced epilepsy led to an increase in the level of BCL-2 and BCL-XL anti-apoptotic proteins and a decrease in the level of BAX pro-apoptotic protein in the hippocampus. Suppression of seizure activity and restoration of learning ability have also been noted (Wang et al., 2021).

The results of clinical studies also confirm benefits of MSC transplantation. For example, phase I/II clinical trials have demonstrated that the administration of antiepileptic drugs along with one or two intravenous and intrathecal administrations of MSCs has been safe and effective in treating patients with drug-resistant epilepsy. Combined use of levetiracetam (an antiepileptic drug) and MSCs led to a decrease in the frequency of seizures, and a repeated course of MSC administration contributed to a further improvement in the patients’ condition (NCT02497443) (Hlebokazov et al., 2017, 2021).

A combination therapy has also been used for pediatric patients with drug-resistant epilepsy. The intrathecal and intravenous administration of autologous bone marrow nucleated cells, followed by four intrathecal injections of MSCs every 3 months, resulted in neurological and cognitive improvement in all patients, including a decrease in the number of seizures (Milczarek et al., 2018).

Intrathecal administration of adipose-derived regenerative cells (a heterogeneous population of cells, including multipotent stem cells, fibroblasts, regulatory T-cells, and macrophages) into patients with autoimmune refractory epilepsy (3 times every 3 months) has also been reported. Only 1 out of 6 patients achieved complete remission (there were no seizures for more than 3 years), in 3 out of 6 there was a slight and short-term decrease in the frequency of seizures, and in two out of six no effect was found (Szczepanik et al., 2020). In all these clinical studies, some improvement after the introduction of cells without serious side effects was observed.



Exosome Injection

Not only MSCs, but also exosomes derived from them, exhibit immunoregulatory, anti-inflammatory and trophic effects (Harrell et al., 2019; Ha et al., 2020; Xunian and Kalluri, 2020), which means they also have great potential for the treatment of nervous systems diseases (Gorabi et al., 2019; Guy and Offen, 2020). As a result of intraventricular injection of exosomes, hippocampal astrocytes are able to take up the exosomes and attenuate astrogliosis and inflammation in model mice (Xian et al., 2019). After intranasal administration, exosomes also were able to reach the hippocampus, reduce the loss of glutamatergic and GABAergic neurons, and significantly reduce inflammation in the hippocampus of model animals (Long et al., 2017).



Mononuclear Cell Transplantation

Bone marrow mononuclear cells (BMCs) also possess immunomodulatory and neuroprotective properties (Yoshihara et al., 2007; Shrestha et al., 2014; do Prado-Lima et al., 2019; Wei et al., 2020) due to the secretion of various trophic factors and cytokines (Liu et al., 2004; Wei et al., 2020).

It has been shown that after intravenous administration to animals with status epilepticus, BMCs can migrate to the hippocampus, reduce the frequency and duration of seizures, maintain neuronal density (Costa-Ferro et al., 2010), increase proliferation of neurons, reduce the level of inflammatory cytokines and increase the level of anti-inflammatory cytokines (Leal et al., 2014).

Phase I/II clinical trials have investigated the safety and efficacy of intra-arterial injection of BMCs in TLE patients. Researchers demonstrated safety, improved memory, a decrease in theta activity, and a decrease in spike density (DaCosta et al., 2018).




ENCAPSULATED CELL BIODELIVERY

Despite the proven efficacy, gene and cell therapy methods have a number of known disadvantages and side effects. It should be noted that these methods of therapy are irreversible and unregulated, and some of them can lead to an immune response and malignant transformation.

In the case of cell therapy, as mentioned above for gene therapy, the major limiting factor is safety, specifically the possibility of a significant immune response induction and oncogenic transformation. In some cases, long-term immunosuppressive therapy and monitoring of the cells after the administration are required (Aly, 2020). It is important to select a suitable donor in the case of allogeneic transplantation, not only in terms of HLA compatibility, but also in the heterogeneity of effector molecules secreted by the cells, which vary considerably between different donors and can lead to a significant variation in the treatment efficacy (Montzka et al., 2009; Mukhamedshina et al., 2019). The migration ability of cells also imposes restrictions on the use of cell-based therapy in clinical practice since highly invasive cell delivery is sometimes required to reach the target area and cross the blood-brain barrier (Issa et al., 2020).

One of the approaches to overcome some of the difficulties of cell-based therapy is encapsulated cell biodelivery (ECB). ECB usually involves the implantation of a capsule with a semipermeable membrane containing genetically modified cells that secrete therapeutic substances. In this case, the cells do not leave the capsule, but the therapeutically active molecules leave and spread in the area of transplantation. This method allows (1) preventing an immune response and transplant rejection, since the cells are physically isolated, (2) locally delivering therapeutic substances, and (3) stopping treatment by removing the capsule from the brain. To suppress epileptic activity, such capsules were designed to contain cells expressing GDNF (Kanter-Schlifke et al., 2009; Paolone et al., 2019), BDNF (Kuramoto et al., 2011; Falcicchia et al., 2018), or galanin (Nikitidou et al., 2014). ECB has shown positive results in epilepsy therapy since these neurotrophic factors and neuropeptide exhibit antiepileptic activity.



CONCLUSION

This review discussed recent developments in gene and cell therapy for epilepsy. To date, in vivo models have shown the potential benefit of viral vectors (mainly AAVs, rarely LVs) encoding genes of therapeutic agents. Thus, the effectiveness of viral delivery of (1) neuro-modulatory peptides, such as NPY or galanin, (2) potassium channels to inhibit increased internal excitability of neurons, (3) GDNF, (4) GAD67, (5) preprosomatostatin, as well as (6) miR to suppress ADK expression has been shown.

Cell-based therapy has made more progress with documented clinical trials showing the benefits and safety of MSC or BMC transplantation. The therapeutic effect can be achieved due to the neuroprotective, anti-inflammatory, immunomodulatory properties of these cells, which is also shown for MSC-derived exosomes. Researchers are also focusing on the transplantation of neural stem cells into the hippocampus to reduce neuronal loss in animal models. ECB, which is the injection of capsules with cells expressing BDNF, GDNF or galanin in the hippocampus, has shown an antiepileptic effect.

The majority of gene and cell therapies have not yet reached clinical practice, but they have made significant progress. To date, preclinical studies in animal model are ongoing and new clinical trials are being registered to confirm both the effectiveness and safety of these approaches. Considering the heterogeneous nature of the onset and manifestation of epilepsy, the development of methods of gene and cell therapy can make a significant contribution to progress in the treatment of this disease.
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Epileptic seizures result in pronounced over-expression of neuropeptide Y (NPY). In vivo and in vitro studies revealed that NPY exerts potent anticonvulsive actions through presynaptic Y2 receptors by suppressing glutamate release from principal neurons. We now investigated whether seizure-induced over-expression of NPY contributes to epileptic tolerance induced by preceding seizures. We used a previously established animal model based on selective inhibition of GABA release from parvalbumin (PV)-containing interneurons in the subiculum in mice. The animals present spontaneous recurrent seizures (SRS) and clusters of interictal spikes (IS). The frequency of SRS declined after five to six weeks, indicating development of seizure tolerance. In interneurons of the subiculum and sector CA1, SRS induced over-expression of NPY that persisted there for a prolonged time despite of a later decrease in SRS frequency. In contrast to NPY, somatostatin was not overexpressed in the respective axon terminals. Contrary to interneurons, NPY was only transiently expressed in mossy fibers. To demonstrate a protective function of endogenous, over-expressed NPY, we injected the selective NPY-Y2 receptor antagonist JNJ 5207787 simultaneously challenging the mice by a low dose of pentylenetetrazol (PTZ, 30 or 40 mg/kg, i.p.). In control mice, neither PTZ nor PTZ plus JNJ 5207787 induced convulsions. In mice with silenced GABA/PV neurons, PTZ alone only modestly enhanced EEG activity. When we injected JNJ 5207787 together with PTZ (either dose) the number of seizures, however, became significantly increased. In addition, in the epileptic mice CB1 receptor immunoreactivity was reduced in terminal areas of basket cells pointing to reduced presynaptic inhibition of GABA release from these neurons. Our experiments demonstrate that SRS result in overexpression of NPY in hippocampal interneurons. NPY overexpression persists for several weeks and may be related to later decreasing SRS frequency. Injection of the Y2 receptor antagonist JNJ 5207787 prevents this protective action of NPY only when release of the peptide is triggered by injection of PTZ and induces pronounced convulsions. Thus, over-expressed NPY released “on demand” by seizures may help terminating acute seizures and may prevent from recurrent epileptic activity.

KEYWORDS
neuropeptide Y, somatostatin, CB1 receptor, subiculum, hippocampus, ischemic tolerance, parvalbumin, O-LM cells


Introduction

Ischemic or epileptic tolerance are mechanisms contributing to termination of seizures and protect from exacerbation of epilepsy (Gidday, 2006; Simon et al., 2007). Epileptic tolerance may be caused by reorganization of neuronal circuitries or expression of endogenous anticonvulsive compounds. For example, erythropoietin (Sakanaka et al., 1998), adenosine (Schubert and Kreutzberg, 1993), neurosteroids (Biagini et al., 2010; Lawrence et al., 2010) and heat shock proteins (HSP) over-expressed after ischemia or epileptic seizures protect from subsequent seizures (Chang et al., 2014). Seizures also significantly activate GABA-ergic interneurons and induce augmented expression of the GABA synthesizing enzyme glutamate decarboxylase 67 (GAD-1) and of neuropeptides contained in GABA neurons (Houser et al., 1986; Marksteiner and Sperk, 1988; Feldblum et al., 1990; Sperk et al., 1992).

Particularly the expression of neuropeptide Y (NPY) is strongly enhanced in animal models of epilepsy and human temporal lobe epilepsy (TLE). Kainic acid (KA)-induced seizures or kindling induce a widespread and lasting over-expression of NPY in the hippocampus and in cortical areas (Marksteiner and Sperk, 1988; Schwarzer et al., 1996; Drexel et al., 2012). In the dentate gyrus of the hippocampus, its expression is transient in granule cells but lasting in interneurons (Gruber et al., 1994) and associated with transient upregulation of Y2 but not Y1 receptors in mossy fibers (Röder et al., 1996; Kofler et al., 1997; Schwarzer et al., 1998; Furtinger et al., 2001). Seizures markedly enhance expression of the peptide also in interneurons of the hippocampus proper and in the subiculum (Vezzani and Sperk, 2004; Drexel et al., 2012). NPY and Y2 receptor agonists, like NPY (3-36) as well as viral vectors expressing NPY are strongly anticonvulsive when applied in vitro or in living animals (Woldbye et al., 1996, 2010; Richichi et al., 2004; El Bahh et al., 2005; Ledri et al., 2015). This activity is mediated by potent inhibition of glutamate release through NPY-Y2 receptors located presynaptically on glutamate neurons (Colmers et al., 1991; Greber et al., 1994). There is also evidence that endogenous NPY may be involved in seizure control. Knock out of NPY or of Y2 receptors makes mice more susceptible to epileptic seizures (Baraban et al., 1997; El Bahh et al., 2005) and, in reverse, transgenic rats over-expressing NPY are less susceptible to convulsant drugs or kindling (Vezzani et al., 2002). A protective role of endogenous, over-expressed NPY has been documented in seizures induced by elevated temperatures in 10–11 days old rat pups (Dubé et al., 2005). Whereas in naïve rat pups seizures were induced by rising the surrounding temperature to 41°C, the threshold for initiating seizures increased by one and two°C when hyperthermia was repeated after 4 and 8 h, respectively, indicating that the rats became somewhat resistant to the rise in temperature. Concomitantly with the first exposure to hyperthermia, an increase of NPY mRNA expression was observed in interneurons of the dentate hilus, and pretreatment with the Y2 receptor antagonist BIIE0246 antagonized the NPY mediated epileptic tolerance (Dubé et al., 2005).

We now investigated whether endogenous NPY released after its over-expression during spontaneous recurrent seizures (SRS) may protect from subsequent seizures and thereby may induce epileptic tolerance. We used an animal model of increased seizure susceptibility after silencing parvalbumin (PV) interneurons in the subiculum and show increased expression of NPY and precipitation of acute seizures by antagonizing NPY-Y2 receptors. The experiments indicate that NPY over-expressed by SRS contributes to epileptic tolerance by activating Y2 receptors. Analogous to our previous studies (Drexel et al., 2012, 2017) we focused also in our present study on the ventral subiculum/hippocampus. We aimed to target the subiculum as the primary output region of the hippocampus, which is anatomically closely related to the ventral hippocampus in rodents and better accessible for the required vector injections. In addition is the ventral hippocampus a primary epileptogenic zone in rat models with high relevance for human TLE (Buckmaster et al., 2022).

Besides NPY a variety of other parameters of GABA-ergic neurons, e.g., glutamate decarboxylase (GAD1 and 2), somatostatin (SOM) or cholecystokinin (CCK-8) are dynamically altered in animal models of epilepsy (Schwarzer et al., 1996). A loss of dynorphin contained in mossy fibers is associated with the seizure presentation which can be overcome by substitution of the peptide by kappa opioid agonists (Solbrig et al., 2006a,b). Another possible mechanism for an endogenous adaptive and anticonvulsive mechanism may be down-regulation of the cannabinoid receptor CB1. Endocannabinoids are released by CCK-8 containing basket cells and can retrogradely inhibit GABA release through presynaptic CB1 receptors and thereby have pro-convulsive effect (Katona et al., 1999). After KA-induced epilepsy that is associated with a loss of subicular PV neurons, we observed sprouting of SOM neurons in the outer molecular layer of the subiculum (Drexel et al., 2017), which may serve an endogenous anticonvulsive function (Vezzani and Hoyer, 1999). Thus, in the search of possible alternative mechanisms mediating epileptic tolerance we investigated VGAT-, SOM-IR and mRNA expression, dynorphin-IR and CB1-IR in the hippocampus of mice injected with AAV-TeLC or AAV-GFP.



Materials and methods


Mice

Animal experiments were conducted according to national guidelines and European Community laws and were approved by the Committee for Animal Protection of the Austrian Ministry of Science. PV-cre transgenic mice [PvalbTM1(cre)Arbr; Jackson Laboratories, Farmington, CT, United States, obtained through Charles River, Sulzfeld, Germany], expressing Cre-recombinase under the PV promoter, were maintained on a C57BL/6N background. All mice were housed in groups of 3–5 in single ventilated cages under standard laboratory conditions (12/12 h light/dark cycle, light turns on at 06:30 AM) and had free access to food and water. For the experiments, 10–14 weeks old heterozygous male mice [PvalbTM1(cre)Arbr±] were used.



Vectors

Adenovirus associated virus vector (AAV1/2) containing either the gene for tetanus toxin light chain (TeLC) fused with a green fluorescence protein (GFP) tag or GFP alone, with the reading frames inverted in a flip-excision (FLEX) cassette (AAV-TeLC and AAV-GFP, respectively) and a cytomegalovirus (CMV) immediate early enhancer/chicken β-actin promoter were prepared as described (Murray et al., 2011; Drexel et al., 2017).



Surgery and vector injection

Anesthesia and stereotaxic surgeries were performed as described in detail previously (Drexel et al., 2017). One hour prior to surgery, the mice were injected with the analgesic drug carprofen (5 mg/kg, s.c.; Rimadyl, Pfizer, United States). They were then anesthetized with 150 mg/kg i.p. ketamine (Ketasol, stock solution 50 mg/ml, Ogris Pharma Vertriebs-GmbH, Wels, Austria) and maintained anesthetized under 1–3% sevoflurane (Sevorane, Abbott, Vienna, Austria) applied through a veterinary anesthesia mask with oxygen (400 ml/min) as a carrier gas. For surgery, the anesthetized mice were placed into a stereotaxic frame (David-Kopf Instruments, Tujunga, CA, United States) and the skin above the skull was opened. A telemetric EEG transmitter (TA10EA-F20, Data Sciences International, Arden Hills, MN, United States) was inserted into a subcutaneous pocket at the abdominal wall and the electrode wires were pulled through a subcutaneous channel from the pocket to the skull, and the pocket was sutured. Bilateral holes were drilled for AAV-vector injection and insertion of a depth-electrode (coordinates from bregma in mm: posterior, 3.8; lateral, 3.5) and for the epidural reference electrode (posterior, 2.0; lateral, 1.6).

We injected the AAV vectors (1.5 μl), AAV-TeLC (titer: 2.4 × 1010/ml) or AAV-GFP (1.4 × 1011/ml for pAM-FLEX-GFP, for controls) unilaterally at the above coordinates into the left ventral CA1/subiculum (3.5 mm deep). For telemetric EEG recordings, we implanted a tungsten depth electrode (Cat. no 577100; Science Products GmbH, Hofheim, Germany) into the left ventral subiculum (3.0 mm deep) and attached, as reference electrode, a stainless-steel screw (M1*2, Hummer und Rieß GmbH, Nürnberg, Germany) epidurally to the skull (posterior, 2.0, right, 1.6). Electrodes were fixed to the skull with dental cement (Paladur, Heraeus Kulzer, Henry Schein, Innsbruck, Austria). After surgery and during EEG recording, the mice were single housed.

C57BL/6N wild-type mice (Charles River, Sulzfeld, Germany) or PV-cre transgenic mice injected with AAV-GFP into CA1/subiculum were used as controls.



EEG recordings and video monitoring

EEGs were recorded continuously using a telemetry system (Dataquest A.R.T. Gold 4.33 Acquisition, Data Sciences International, Arden Hills, MN, United States). For recording motor seizures in addition to EEG seizures, continuous video recordings were performed with Axis 221 network cameras (Axis communications AB, Lund, Sweden) and, during darkness, under infrared illumination (Conrad Electronic GmbH, Wels, Austria). EEGs were recorded at a sampling rate of 1,000 Hz without a priori filter cut-off and saved on external hard disk drives.

EEG traces of local field potentials were visually inspected by two independent observers using the Dataquest A.R.T. Gold 4.33 Analysis software. We defined seizures as EEG segments with continuous high frequency activity with an amplitude of at least twice the baseline amplitude, a duration of at least 10 s, and the presence of a post-ictal depression (EEG-signal below baseline amplitude). Clusters of interictal spikes (IS) were defined as a series of at least 5 high amplitude (at least 2 times baseline) discharges not more than 60 s apart.

After terminating EEG recordings 42 (Experiment 1) or 102 days (Experiment 2) after vector injection, the mice were deeply anesthetized with thiopental (150 mg/kg; Sandoz, Austria) and perfused via the left ventricle of the heart with 25 ml 50 mM phosphate-buffered saline (PBS, room temperature) followed by 100 ml ice-cold 4% paraformaldehyde (PFA). The brains were then removed from the skulls, post-fixed in 4% PFA/PBS (cold room, 90 min) and then transferred to 20% sucrose/PBS (cold room, over-night). The brains were then snap-frozen in –70°C isopentane (Merck, Darmstadt, Germany, 3 min) and kept in sealed vials at –70°C until they were cut in a cryostat-microtome (Carl Zeiss AG, Vienna, Austria). Microtome sections (40 μm) were maintained in PBS/0.01% sodium azide at cold room temperature (4°C) until they were processed.



Evaluation of motor seizures

All seizures observed by EEG were investigated by video recordings for their behavioral correlate. Seizure rating was done in accordance with that used for KA-injected rats (Sperk et al., 1983). All EEG seizures corresponded to limbic motor seizures (rating 3–4; data not shown).



Experimental approach

The goal of the experiments was to induce spontaneous seizures by selective, locally restricted silencing of PV containing interneurons by unilateral, local injection of AAV-TeLC into the ventral subiculum/CA1 area. We investigated two primary parameters in these mice: 1. Temporal patterns of SRS and of IS clusters, and 2. Expression of NPY-immunoreactivity (IR) in interneurons of the hippocampus and in mossy fibers of the dentate gyrus.

We performed three principal experiments (focused on NPY expression in relation to SRS) and one experiment investigating the role of the Y2 receptor antagonist JNJ 5207787.


Experiment 1

We injected 22 mice with the AAV-TeLC vector into the ventral subiculum/CA1, monitored EEG and behavioral activity for 42 days (experimental details see below), sacrificed the mice and processed their brains for NPY-IR. Three mice lost their electrodes at earlier intervals and were therefore sacrificed at these points (Figure 1A shows 12 representative AAV-TeLC mice). Five mice were injected with AAV-GFP as controls and treated in the same way. They did not develop SRS or IS clusters. The numbers of animals are based on our previous experiments (Drexel et al., 2017) taking in account that about one third of mice will not show SRS.
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FIGURE 1
Development of clusters of interictal spikes (IS) and spontaneous recurrent seizures (SRS) in PV-cre mice after unilateral injection of AAV-TeLC into the ventral subiculum/area CA1. (A) Events of IS clusters (blue lines) and of SRS (red arrows) are listed for twelve representative mice; the respective identification code is shown left to the time scale. Panels (A,B) show the results of Experiments 1 and 2, respectively (see section “Experimental approach”). In contrast to Experiment 1 (A), in Experiment 2 (B) EEG recordings were started at day seven after vector injection (red vertical line). About 30 min later, mice were injected with a low dose of PTZ (40 mg/kg; red arrows indicate acute PTZ-induced seizures). Besides acute seizures, PTZ induced development of SRS and IS clusters in all AAV-TeLC-injected mice but not in AAV-GFP-injected mice (not shown). In Experiment 1, mice were sacrificed after 42 days (except three mice that lost their electrodes earlier; (A). In Experiment 2, mice were monitored for 102 days (B). Both groups of mice were sacrificed immediately after terminating EEG recordings and their brains were processed for NPY-IR. Five AAV-GFP-injected mice were included as controls in each experiment. They developed no SRS or IS clusters (not shown).




Experiment 2

In the first experiment, we suspected that the frequency of SRS and IS clusters declined at later intervals after vector injection. For investigating this more closely, we performed a second experiment also silencing PV neurons in the ventral subiculum/CA1 by local AAV-TeLC injections. We injected six mice with AAV-TeLC and, according to our previous protocol (Drexel et al., 2017), triggered the development of SRS and IS clusters by a single low dose injection of PTZ (40 mg/kg, i.p.) 7 days after AAV-injection. All AAV-TeLC-injected mice developed SRS and IS (see Figure 1B). Five AAV-GFP injected mice were included as controls. None of them developed acute seizures upon PTZ application, SRS or IS. All mice were sacrificed after 102 days and their brains were processed for immunohistochemistry. The numbers of animals had been chosen according to our previous experiment using PTZ challenge after AAV-TeLC injection, resulting in 100% of mice developing SRS (Drexel et al., 2017).



Experiment 3

This experiment was performed for examining NPY mRNA by in situ-hybridization in the brains. Nine mice were injected with AAV-TeLC and with 40 mg/kg PTZ after 7 days. All mice developed SRS and IS clusters (not shown) and were sacrificed after 42 days. Eight mice were injected with AAV-GFP as controls; none of these mice developed acute seizures after PTZ injection, SRS or IS. The brains were snap frozen and processed for NPY mRNA in situ hybridization. The numbers of mice were chosen according to our previous experiments on NPY expression after KA-induced seizures (Drexel et al., 2012).



Experiment 4: Injection of the Y2 receptor antagonist JNJ 5207787

Mice were injected with the AAV-TeLC (n = 16) or with the AAV-GFP (n = 8) into sector CA1/subiculum. Recording electrodes were placed as described above and EEG recordings were started immediately after vector injection. One group of AAV-TeLC-injected mice received the non-peptidergic Y2 receptor antagonist JNJ 5207787 (30 mg/kg; Tocris, N-(1-Acetyl-2,3-dihydro-1H-indol-6-yl)-3-(3-cyano-phenyl)-N-[1-(2-cyclopentyl-ethyl)-piperidin-4yl]-acrylamide, Cat. No. 4018/10, Biotechne, Abingdon, United Kingdom) dissolved in 0.5 ml 2-hydroxy propyl-β-cyclodextrin (20%) in saline (80%) i.p. (n = 4) or 0.5 ml solvent alone i.p. (n = 3), and (after 30 min) 30 mg/kg i.p. PTZ in saline. A second group was injected with 0.5 ml solvent (n = 4) or with JNJ 5207787 (n = 5) followed by 40 mg/kg i.p. PTZ after 30 min. We injected also untreated controls (n = 8) and AAV-GFP-injected mice (n = 8) with JNJ 5207787 followed by 30 mg/kg PTZ and 40 mg/kg PTZ, respectively. EEG recordings were continued immediately after PTZ injections. JNJ 5207787 was injected 30 min prior to PTZ due to its much slower uptake to the brain compared to PTZ. JNJ 5207787 has been developed by Bonaventure et al. It is more than 100 times more active toward Y2 than Y1, Y4 or Y5 receptors in vitro and penetrates the brain at the dose applied (Bonaventure et al., 2004). The doses for PTZ have been optimized recently (Drexel et al., 2017).




Immunohistochemistry

Immunohistochemistry for NPY was performed on free-floating, 40 μm thick horizontal 4% PFA-fixed sections (obtained in Experiment 1) using indirect peroxidase labeling as described before (Sperk et al., 2012; Wood et al., 2016). In brief, horizontal sections were incubated free-floating with 10% normal goat or horse serum (Biomedica, Vienna, Austria) in Tris–HCl buffered saline (TBS; 50 mM, pH = 7.2) containing 0.4% Triton X-100 (TBS-Triton) for 90 min and then incubated with a rabbit NPY antiserum raised toward the peptide coupled to ovalbumin (1: 1,000; (Marksteiner and Sperk, 1988) at room temperature for 16 h) and subsequently washed with TBS-Triton. The reaction product was visualized by incubation with a horseradish peroxidase (HRP)-coupled secondary antibody (1:250, goat anti-rabbit P0448; Dako, Vienna, Austria; 1:500; room temperature for 150 min). After washing with TBS, HRP bound to the secondary antibodies was reacted with 0.05% diaminobenzidine tetrahydrochloride dihydrate (DAB, Fluka, Sigma-Aldrich Handels GmbH, Vienna, Austria) and 0.005% H2O2 as substrate. Sections were then washed in TBS, mounted on gelatin-coated glass slides in 55% ethanol and allowed to dry overnight. After dehydration in ethanol and clearing in butyl-acetate, they were coverslipped using Eukitt mounting medium (Gröpl, Vienna, Austria).

Using sections obtained in Experiment 1, we furthermore studied possible changes in the expression of VGAT, SOM, dynorphin and CB1. Immunohistochemistry for SOM and dynorphin was performed as described previously using the same antibodies (Schwarzer et al., 1996; Pirker et al., 2001). VGAT-IR and CB1-IR were assessed by immunofluorescence using respective antibodies [VGAT (rabbit), donated by Prof. R. Edwards, University of California San Francisco, CA; 1:2,500 dilution (Sperk et al., 2003); CB1, CB1-Rb-Af380 (rabbit, RRID:AB_2571591, Hölzel Diagnostika Handels GmbH, Köln, Germany), dilution 1:1,000].



In situ hybridization

NPY in situ hybridization was done in 20 μm thick horizontal microtome sections obtained from snap frozen sections. Tissue preparation and in situ hybridization was performed as described in detail previously (Drexel et al., 2012). Densitometry was done as described in detail before (Drexel et al., 2013). In situ hybridization for SOM and VGAT mRNAs was performed as described previously (Schwarzer et al., 1996; Sperk et al., 2003).



Semi-quantitative analysis of NPY-IR in the molecular layer of the subiculum

Densitometry of NPY-IR was performed in microphotographs of 40 μm thick horizontal sections labeled by NPY immunohistochemistry. The sections were photographed at 10-fold magnification under consistent camera settings (including illumination times) with a black and white camera (Orca II, Hamamatsu Photonics, Hamamatsu City, Japan) attached to a Zeiss Axiophot microscope (Carl Zeiss GmbH, Jena, Germany). Two matched sections per mouse were used and values obtained from left and right hemispheres and from different sections were averaged.

Microphotographs (8 bit) were imported into NIH ImageJ (v. 1.53q1 ; NIH, Bethesda, MD, United States). To measure gray scale values of NPY-IR in mossy fibers, a line scan (width: 150 μm) through the mossy fibers in stratum lucidum of sector CA3a was performed. Gray scale values were converted to relative optical density (ROD)-values by the following formula: ROD = log [256/(255 - gray value)]. Section background-labeling was measured in the thalamus and subtracted from the values obtained in stratum lucidum. To measure NPY-IR in the molecular layer of the ventral subiculum, a line scan (width: 400 μm) was performed extending from the fissure between the dentate gyrus and the subiculum to the pyramidal cell layer of the subiculum. The resulting gray scale values were converted to ROD-values (see above), the curve was plotted, and the area under the curve above the molecular layer of the subiculum was calculated. The intensity of NPY-IR in the molecular layer of the subiculum was then given as arbitrary units (a.u., see graphs in Figures 4E, 5E).



False color images

Microphotographs of NPY-immunolabeled sections were opened in NIH ImageJ and the image type was changed to 8 bit. “Spectrum” was selected as the lookup table and the colors of the lookup table were adjusted as follows: Black was selected for the bottom 4 rows of the lookup table and blue for the 5th row from the bottom. Brightness and contrast were optimized using identical values for all microphotographs.



Statistical analyses

All statistical analyses were performed using GraphPad Prism statistical software (version 5.0f; GraphPad Software). The Fisher’s exact test was used for analysis to compare the number of SRS in mice 15–50 and 65–100 days after vector injection. Two-way repeated-measures ANOVA with Dunnett’s multiple-comparison post hoc test were used for comparing multiple groups differences in NPY-IR. A p value of < 0.05 was considered as statistically significant.




Results


Induction of spontaneous recurrent seizures (SRS) and interictal spike (IS) clusters by injection of AAV-TeLC into the subiculum/CA1

Unilateral injection of the AAV-vectors into the ventral subiculum/sector CA1 resulted in selective silencing of PV-containing basket and axo-axonic cells, as characterized in detail previously (Drexel et al., 2017). The ventral extension of the subiculum had been chosen as target for the vector injections because it is better accessible compared to the dorsal subiculum. Figures 1A,B show representative time courses of IS clusters and of SRS presented after injection of AAV-TeLC into the subiculum/CA1 (Experiments 1 and 2). As shown in Figure 1A (Experiment 1), most AAV-TeLC-injected mice experienced between one and 17 SRS and all mice exposed at least one IS cluster during the of 42 days period investigated. The first SRS was observed on day two after AAV-TeLC injection. IS clusters developed in all mice at considerably different frequencies; the first IS clusters were observed between days 1 and 14 after AAV-TeLC. None of the AAV-GFP-injected mice showed SRS or IS. The frequency of SRS appeared to decline gradually after around day 25.

In Experiment 2 (Figure 1B), we triggered SRS by injecting the convulsive GABAA receptor antagonist PTZ 7 days after AAV-TeLC injection. The mice experienced between four to twelve SRS and numerous IS during the 102 days of EEG recording (Figure 1B). To determine whether the frequency of SRS declined at prolonged intervals after vector injection, we determined the mean seizure frequency at an early interval (15–50 days) after vector injection and compared it with that at a late interval (65–100 days; Figure 2). Between 15 and 50 days after AAV-TeLC injection, the mean number of seizures was 4.3 ± 1.23 and after 65–100 days (1.0 ± 0.37) it was significantly lower (P = 0.0452) indicating seizure-induced epileptic tolerance (see Figure 2).
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FIGURE 2
Decline in SRS frequency. The analysis was done for animals in Experiment 2 (monitored for 102 days). The graph shows the number of SRS for each mouse during days 15–50 and during days 65–100, respectively. The mean numbers of seizures were 4.3 ± 1.23 and 1.0 ± 0.37, respectively. At the 65–100 days interval, seizure frequency was significantly lower (P = 0.0452) in paired Student’s t-test (*). The data indicate development of induced epileptic tolerance.




Differential increases of NPY expression in interneurons and in mossy fibers are related to SRS but not IS

We observed marked increases in NPY-IR throughout the brains of all mice with previous SRS and IS clusters (Figures 3C,D,F,H,J,L, 4C,D), but not in AAV-GFP-injected mice (Figure 3A) or in mice that had presented IS clusters alone (Figure 3B). The increases in NPY-IR were especially prominent in interneurons of the subiculum especially including their axon terminals in the outer molecular layer of the subiculum (Figures 3C,D,F,L). Increased NPY-IR was also observed in the cerebral cortex (Figures 3C,D, 4C,D, 5C) and in interneurons of the dentate gyrus (Figures 3H, 4C). Expression of NPY-IR in interneurons (of the subiculum/sector CA1 and of the dentate gyrus) was high, independently of the interval between the last seizure and sacrificing (Figures 5C,E); in contrast, in mossy fibers NPY-IR increased only in mice that experienced their last seizure during the last 5 days before sacrificing (Figures 5D,F; compare Figures 5E,F). In mice with longer intervals (7–15 days after last seizure) between the last seizure and sacrificing, NPY-IR had faded away in mossy fibers during the succeeding seizure-free interval (Figures 3C, 5C,F).
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FIGURE 3
Expression of NPY-IR in the cortical areas, the subiculum and in the dentate gyrus 42 days after vector injection. Panels (A,E,G) show images from horizontal sections at the level of the of the ventral subiculum/hippocampus obtained from an AAV-GFP-injected mouse and show basal NPY expression. Panel (B) is taken from an AAV-TeLC-injected mouse without spontaneous seizures. In panel (C), a mouse that had experienced 5 seizures between days 16 and 29 is shown (“sz”; see Figure 1A). Slightly increased expression of NPY-IR is seen in the outer molecular layer of the subiculum, in cortical layers [black arrows in panels (C,D,F)] and in hilar interneurons. Panels (D,F,H) derive from an AAV-TeLC-injected mouse that had experienced seven SRS during days 30–42 after vector injection (last 12 days before sacrificing, “late sz”). Note the pronounced increases in NPY-IR in cortical areas [arrows in panels (D,F,H)], in interneurons (blue arrow) and their fibers (red arrows) in the molecular layer of the subiculum (D,F), and in interneurons and their fibers in the hilus of the dentate gyrus (H); compare AAV-GFP-injected control (G). Note that NPY-IR is lastingly up-regulated, both in interneurons and axon terminals of the subiculum [blue and red arrows in panel (F)] and of the dentate hilus (H). Furthermore, panels (I–L) show larger magnification aspects of the subiculum highlighting the seizure-induced increased number of NPY-positive interneurons (J) and fibers (L) after AAV-TeLC injection compared to AAV-GFP-injected controls (I,K). Numbers (#) in the left lower corners of the images refer to numbers of individual animals; the time course of their seizure spells and of IS clusters is shown in Figure 1A. sz, seizures between days 16 and 29 (seizure-free for last 13 days before sacrificing; sz +, strong seizures within 12 days before sacrificing.
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FIGURE 4
NPY overexpression in mice experiencing SRS but not in mice with clusters of IS. NPY-IR was assessed in horizontal brain slices at the level of the ventral subiculum/hippocampus in mice 42 days after injection with AAV-GFP or AAV-TeLC, respectively (Experiment 1). Panels (A–D) show false color images of NPY-IR representative for: (A) a control (AAV-GFP-injected, black); (B) representative mouse presenting only IS clusters after AAV-TeLC injection (green, mouse #3425); (C) a mouse that experienced SRS during days 10–30 (blue, mouse #1088); and (D) a mouse with seizures (3) after day 32 (red, mouse #1062). (E,F) Corresponding to the labeling of the images above, the first column in panels (E,F) shows data of control mice without SRS. Note the pronounced increase in NPY-IR in the subiculum, both in mice with seizures up to day 30 (C) and during 10 days before sacrificing (D). Note also the strong increases in NPY-IR in cortical areas in epileptic mice [(C), white arrows in panel (D)]. Black: AAV-GFP-injected controls (n = 5); green: AAV-TeLC-injected mice with IS only (n = 8); blue: mice that experienced SRS only in the first 32 days after AAV-TeLC injection (thus, were at least 10 days seizure-free before sacrificing) (n = 10); red: mice that experienced SRS within 5 days before sacrificing (n = 4). Note that the increase in NPY-IR persists in the subiculum of mice that experienced SRS only at earlier intervals [up to day 32 after vector injection; filled blue circles in panel (E)]. In contrast, increased expression of NPY-IR was observed in the dentate gyrus only in mice that showed SRS also within the last 5 days before sacrificing [filled red circles in panel (F)]. Letters in panel (D): EC, entorhinal cortex, PRh, perirhinal cortex, cA, central amygdala. Statistical analysis was done by two-way repeated-measures ANOVA with Dunnett’s multiple-comparison post hoc test; ***p < 0.001; **p < 0.01; *p < 0.05.
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FIGURE 5
Seizure-induced over-expression of NPY-IR persists in interneurons of the subiculum but in mossy fibers is restricted to mice with frequent SRS close to sacrificing. NPY-IR in the ventral hippocampus at different intervals between last SRS and sacrificing. (A) AAV-GFP-injected control mouse (no seizures); (B) mouse that experienced IS only; (C) mouse that had expressed five SRS up to 12 days before sacrificing (last seizure on day 12; note increased NPY-IR in the inner molecular layer of the subiculum and in interneurons of the dentate gyrus) and (D) mouse that had 17 seizures in total, including three severe seizures two and three days before sacrificing (note the pronounced expression of NPY-IR in mossy fibers). (E,F) NPY-IR in relation of the time of last SRS to time of sacrificing in the subiculum (E) and in mossy fibers as determined in the stratum lucidum, the terminal area of mossy fibers (F). Horizontal dotted lines indicate the background of NPY-IR. Note that in mossy fibers increased NPY-IR was detected only in mice that had experienced their last seizure 1–5 days prior to sacrificing (F), whereas in interneurons of the subiculum the SRS-induced increase in NPY-IR persisted for up to 25 days (E). Optic density is given in arbitrary units (a.u.).


Thus, in the molecular layer of the subiculum (representing axon terminals of interneurons; see Figures 3F,L), NPY-IR was increased in mice that had experienced their last seizure already 10–21 days before sacrificing (179.6 ± 16.50%; P < 0.05 vs. controls) as well as in mice that had their last seizure within the last 5 days before sacrificing (181.6 ± 17.87%; P < 0.05 vs. controls) (Figure 4E). In contrast, in the dentate gyrus, NPY-IR was increased (207.5 ± 17.91%; P < 0.001 vs. controls) only in the four mice that experienced their last seizure within the last 5 days before sacrificing (Figure 4F) but not in the ones that experienced their last seizure more than 10 days before sacrificing (Figure 4E).

Like in axon terminals of subicular interneurons, also in interneurons of the dentate hilus (Figures 3G,H, 6B) and in the cerebral cortex (insular, perirhinal, entorhinal cortices; see Figure 6) the increases in NPY-IR appeared to be independent from the duration of the seizure-free interval before sacrificing. Thus, the persisting increase in NPY-IR in interneurons (notably of the subiculum), but not its transient increase in mossy fibers, may be causatively related to the subsequent decline in seizure frequency (epileptic tolerance).
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FIGURE 6
NPY mRNA expression in the deep layers of the cerebral cortex. Mice injected with AAV-GFP or AAV-TeLC were sacrificed after 6 weeks and brains were subjected to in situ hybridization. The images were obtained in horizontal sections showing the ventral hippocampus and adjacent limbic cortex areas (insular, perirhinal, entorhinal cortices). (A) AAV-GFP-injected control; (B) AAV-TeLC-injected mouse that exposed five SRS between days 6–25; (C) AAV-TeLC-injected mouse that exposed four SRS on days 3 and 2 before sacrificing (day 42). Black arrow in panel (B) denotes NPY mRNA expression in the deep cortical layers; blue arrow in panel (B) points to interneurons in the dentate hilus expressing NPY mRNA; red arrow in panel (C) denotes massive de novo NPY mRNA expression in the granule cell layer. (D) Quantification of NPY mRNA in the deep and superficial cortical layers 6 weeks after AAV-GFP and AAV-TeLC injection. Data are shown as mean ± SEM. Statistics (Student’s t-test) was performed using the GraphPad Prism program. In interneurons of the deep layers (V/VI) but not in the superficial layers (layers II/III) of the insular, perirhinal and entorhinal cortices, NPY mRNA was significantly increased (P = 0.0363, *). Abbreviations: DG, dentate gyrus (hilus); CA3, hippocampal subfield CA3; S, subiculum; IC, insular cortex; PRh, perirhinal cortex; EC, entorhinal cortex.




Injection of the NPY-Y2 receptor antagonist JNJ 5207787 facilitates PTZ-induced seizures

All mice were injected with PTZ (40 mg/kg, i. p.) 7 days after AAV-TeLC injection; as shown previously, this treatment resulted in SRS and NPY over-expression in 100% (Drexel et al., 2017). To demonstrate that over-expressed NPY serves an endogenous protective role, we injected 7 days later the Y2 receptor antagonist JNJ 5207787 (Figure 7). Neither controls nor AAV-TeLC-injected mice disclosed EEG changes after JNJ 5207787 alone (not shown). No seizures were observed in untreated controls or AAV-GFP-injected mice after injection of PTZ (30 or with 40 mg/kg) or PTZ plus JNJ 5207787 (black traces in Figure 7A and black filled circles in Figure 7B). Treating AAV-TeLC-injected mice with PTZ (30 mg/kg) alone revealed IS activity but no convulsions (EEG-trace not shown) and, after 40 mg/kg PTZ, in average one convulsion (Figures 7A,B; red traces and red filled circles, respectively). In mice injected with the Y2 receptor antagonist together with PTZ, we observed significant increases in EEG activity, including IS clusters and increased numbers of convulsions after 30 mg/kg PTZ + JNJ 5207787 (1.3 ± 0.25 convulsions vs. zero) and after 40 mg/kg PTZ + JNJ 5207787 (increase from 1.0 ± 0.00 to 2.6 ± 0.40 convulsions); one and two mice died in seizures after 30 and 40 mg/kg PTZ plus JNJ 5207787, respectively [Figure 7A blue trace (40 mg/kg PTZ); Figure 7B blue filled circles].
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FIGURE 7
The Y2 receptor antagonist JNJ 5207787 potentiates PTZ-induced seizures in AAV-TeLC-injected epileptic mice. (A) EEG traces after injection of 40 mg/kg PTZ i.p. or injection of the Y2 receptor antagonist JNJ 5207787 (20 mg/kg, i.p.) followed by PTZ (40 mg/kg, i.p.). Note that neither the low dose of PTZ nor PTZ + JNJ 5207787 induced seizures in naïve controls (black traces) nor in AAV-GFP-injected mice (not shown). PTZ induced significant convulsions in AAV-TeLC-injected mice (red trace) that were markedly augmented by prior 20 mg/kg JNJ 5207787 injection (blue trace). (B) Numbers of PTZ-induced seizures with and without JNJ 5207787 injection. Neither naïve controls (black circles) nor AAV-GFP-injected mice (not shown; together n = 8) presented epileptic spells after 30 or after 40 mg/kg PTZ without JNJ 5207787 (n = 3 and 4, respectively; black filled circles). Mice previously injected with AAV-TeLC responded with no seizure (0/3) after 30 mg/kg PTZ; after 40 mg/kg PTZ all four mice responded modestly with 1 seizure (red filled circles). At both doses of PTZ, the number of seizures markedly increased when injected together with JNJ 5207787 (blue filled circles). Neither control mice (n = 4) nor AAV-GFP-injected mice (n = 3) showed changes in the EEG after JNJ 5207787 injection (not shown). +, indicate mice that died in seizures. Statistics (Student’s t-test): **p < 0.01, respective AAV-TeLC and PTZ-injected with vs. without prior injection of JNJ 5207787. The important message of this experiment is that the Y2 antagonist is inactive in naïve mice and in mice without acute seizures. However, in mice with seizures, it augments the epileptic activity presumably by inhibiting the protective action of NPY (released primarily during seizures) on Y2 receptors.




VGAT, SOM, dynorphin and CB1 expression after SRS induced by AAV-TeLC injections


Dynorphin-IR

Dynorphin is highly expressed in mossy fibers and has been considered to act anticonvulsive through kappa receptors (Solbrig et al., 2006b; Loacker et al., 2007). As shown in Supplementary Image 1, we observed no change in dynorphin-IR in mossy fiber terminals in the stratum lucidum and in the dentate hilus of mice that had experienced series of SRS (see Figure 1). Interestingly, the mice revealed no sprouting of mossy fibers to the inner molecular layer of the dentate gyrus in spite of SRS, confirming that the mice had no loss in hilar interneurons.



VGAT-IR

The vesicular GABA transporter VGAT is a valid marker for GABA-ergic axon terminals. We investigated VGAT-IR in the hippocampus/subiculum for obtaining a possible indication for sprouting of GABA neurons. We observed, however, no change in the density or distribution of VGAT-IR 42 days after AAV-TeLC injection into the subiculum (Supplementary Image 2).



SOM mRNA and IR

We previously obtained indication for sprouting of SOM neurons in the molecular layer of the subiculum after KA-induced seizures in the rat (Drexel et al., 2012). Since this may represent an endogenous anticonvulsive mechanism, we investigated SOM mRNA and IR in our SRS prone mice (42 days after AAV-TeLC injection). In spite of the strong increases in SOM mRNA and IR previously observed in KA treated rats and after kindling (Sperk et al., 1992; Schwarzer et al., 1996), we detected no change in SOM mRNA expression in the hippocampus (Supplementary Image 3). There was also no correlation between SOM mRNA levels and the number of SRS experienced by the mice. Similarly, SRS did also not induce an increase in SOM-IR in the molecular layer of the subiculum (Figure 8).
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FIGURE 8
SOM-IR after AAV-TeLC injection. SOM-IR in sector CA1 and subiculum of mice injected with AAV-GFP (A) or AAV-TeLC that were seizure-free (B) or had experienced SRS (C). Note that neither the number of SOM-positive interneurons in the pyramidal layers of the subiculum (S) and sector CA1 nor the density of SOM-positive axon terminals in the outer molecular layer (OML) of the subiculum was altered. Panels (D,E) show false color images of panels (A,C), respectively. (F) Mean ROD values of the molecular layer were not altered by previous SRS. +sz, mouse with previous seizures; -sz, mouse was seizure-free.




Cannabinoid receptor CB1

CB1-IR was highly expressed in the pyramidal layers of CA1, CA3 and the subiculum, and in the inner molecular layer of the dentate gyrus. These are terminal areas of CCK-8 (and vesicular glutamate transporter, vGLUT3) positive basket cells containing the presynaptic CB1 receptors. As shown in Figure 9, we observed modest decreases in CB1-IR throughout the ventral hippocampal formation of mice that had experienced SRS during the 42 days observation period (see Figure 1). Since this decrease affects different parts of the hippocampus and is also present on the contralateral side it may be related to the SRS experienced and not directly to the unilateral vector injection.


[image: image]

FIGURE 9
CB1-IR after AAV-TeLC injection. Immunofluorescence of horizontal sections on the level of the ventral hippocampus of mice injected into the subiculum with (A) AAV-GFP or (B) AAV-TeLC. CB1-IR is highly expressed in pyramidal layers of CA3, CA1, the subiculum and in the inner molecular layer of the dentate gyrus, layers that are innervated by basket cells. CB1-IR is presumably located presynaptically on these GABA-ergic terminals mediating inhibition of GABA release. (C) Optic density of CB1-IR is modestly reduced in sectors CA3 (statistically not significant) and CA1 (p < 0.05, ipsilateral side), in the subiculum (p < 0.05, *) and in the deep layers of the entorhinal cortex (p < 0.05, contralateral side). Note that the ROD values were not significantly different in the AAV-TeLC-injected side versus the not-injected contralateral area. Abbreviations in panels (A,C): DG, dentate gyrus; EC, entorhinal cortex; dEC, deep entorhinal cortex; sEC, superficial entorhinal cortex; S, Sub, subiculum; PaS, parasubiculum; PrS, presubiculum.






Discussion


Plasticity of the NPY system

In the brain, the 36 amino acid-containing neuropeptide NPY is contained in large dense core vesicles of GABA-ergic interneurons. Whereas the classical transmitter GABA is already released after low frequency stimulation, neuropeptides like NPY are generally released only after sustained, high frequency stimulation (Hökfelt, 1991). In animal models of epilepsy and in human TLE, recurrent seizures cause marked overexpression of NPY in GABA-ergic interneurons and in glutamatergic mossy fibers (Sperk et al., 1992; Gruber et al., 1994; Mathern et al., 1995; Furtinger et al., 2001; Drexel et al., 2012). Together with the augmented expression of the GABA synthesizing enzyme GAD-1, overexpression of NPY indicates that the activity of the respective neurons persists beyond the acute seizures. It has also been suggested that high frequency stimulation during subsequent seizures may lead to enhanced release of NPY together with that of GABA (Gruber et al., 1994; Vezzani and Sperk, 2004). NPY is mostly released to extra-synaptic sites and inhibits glutamate release also through distant presynaptic Y2 receptors (Colmers et al., 1991; Greber et al., 1994). We therefore speculated that over-expressed NPY may serve as an endogenous anticonvulsive and protective mechanism (Marksteiner and Sperk, 1988; Vezzani and Sperk, 2004). Upon sustained neuronal stimulation during acute seizures, release of NPY may occur, so to say “on demand” and may dampen glutamate release and contribute to termination of seizures.

Here, we studied NPY expression in an animal model with rare but recurrent seizures (SRS) induced by selective silencing of GABA/PV containing interneurons in sector CA1 and subiculum (Drexel et al., 2017). This animal model is based on unilateral injection of small amounts of an AAV vector into transgenic PV-cre mice, resulting in local expression of tetanus toxin light chain only in PV containing cells. In the hippocampus and the subiculum, PV-containing basket cells and axo-axonic cells exert potent somatic and perisomatic inhibition of pyramidal cells. The toxin locally inhibits vesicular GABA release from the affected interneurons. Consequently, the mice develop SRS and IS clusters but show no neurodegeneration (Drexel et al., 2017). It is also important to note that only SRS but not recurrent clusters of IS caused increased NPY expression. Whereas expression of the peptide was transient in mossy fibers, it persisted in interneurons. This is consistent with our previous finding showing that after KA-induced seizures over-expression of NPY lasted for a prolonged time in interneurons, whereas it was limited to a few days in mossy fibers (Gruber et al., 1994). Interestingly, in our present experiments, the increase in NPY-IR in subicular interneurons (not in mossy fibers) persisted, although the frequency of SRS appeared to decline 4–6 weeks after initial silencing of GABA/PV neurons.



Evidence for an endogenous protective effect of NPY

To demonstrate that endogenous over-expressed NPY serves a protective role, we injected the Y2 receptor antagonist JNJ 5207787 to our seizure prone mice. The mice had been injected with the AAV-TeLC into the sector CA1/subiculum before and SRS were triggered additionally by a low dose of PTZ after 7 days. After this treatment, all mice experienced SRS leading to upregulation of NPY (Drexel et al., 2017). Notably, these mice did not respond to injection of JNJ 5207787 alone, indicating that Y2 receptors were not occupied by NPY (NPY is almost not released prior to seizures). Thus, to induce NPY release in the mice, we challenged them by injecting once more a low dose of PTZ. Since the AAV-TeLC-injected mice (due to silencing of PV neurons) have a lowered seizure threshold (Drexel et al., 2017), the otherwise not convulsive dose of PTZ induced modest convulsions (Figure 7A). When applying the Y2 receptor antagonist in addition, we observed significant increases in PTZ-induced epileptic activity (Figures 7A,B). It is important again to point out that JNJ 5207787 per se did not evoke seizures, although the AAV-TeLC-injected mice had a lowered seizure threshold. Only triggering convulsions and thereby also the release of NPY disclosed the activity of the Y2 antagonist. This finding clearly suggests that over-expressed NPY is released during seizures and then exerts its anticonvulsive activity (antagonized by JNJ 5207787).



Seizures induce release of NPY

The fact that seizures can induce NPY release has been shown using another experimental approach long ago. Measuring NPY levels in brain areas after a KA-induced status epilepticus revealed an initial drop in the levels of the peptide due to its extensive release and degradation during and after the acute seizures (Bellmann et al., 1991). This initial drop in NPY levels is overcome after 1–3 days and is followed by re-synthesis and marked over-expression of the neuropeptide (Marksteiner et al., 1990; Bellmann et al., 1991). Upregulation of the NPY, however, seems to require recurrent seizures or kindling (Schwarzer et al., 1996). Early anticonvulsant treatment with MK-801 or thiopental after the initial KA-induced status epilepticus prevented the subsequent increases in NPY and somatostatin levels (Marksteiner et al., 1990; Vezzani and Sperk, 2004).



Earlier evidence for epileptic tolerance mediated by NPY expression

An association between epileptic tolerance and NPY upregulation has also been reported by El Bahh et al. (2001, 2005). They observed that intrahippocampal injection of a low dose of KA can prevent pyramidal cell loss that had been induced by subsequent intraventricular injection of the toxin, and that this effect correlated with increased NPY-IR in CA1 interneurons. Interestingly, this “preconditioning” lasted for seven but not for 15 days, again supporting the idea that NPY-induced epileptic tolerance may be limited in time and may require repeated convulsions for its persistence. Previous experiments demonstrating that febrile seizures induce tolerance to subsequent thermal induction of seizures indicate fast development of epileptic tolerance (Dubé et al., 2005). Also in these experiments, the inhibition of epileptic tolerance by application of a Y2 receptor antagonist suggested a crucial role of NPY over-expressed by the preceding seizures (Dubé et al., 2005).



The role of interneurons vs. granule cells/mossy fibers

Over-expression of NPY in interneurons of the subiculum (possibly also of the cortex and dentate hilus) may lead to a lasting seizure protection. On the other hand, both NPY and Y2 receptors are also ectopically expressed in granule cells/mossy fibers after severe seizures (Gruber et al., 1994; Röder et al., 1996; Sadamatsu et al., 1998). Expression of the peptide as well of its Y2 receptors, however, is short-lived and wanes after a few days. It may, however, represent an immediate anticonvulsive mechanism protecting from acute epileptic activity that often persists even for several days after the initial status epilepticus. The underlying mechanism for NPY’s anticonvulsive activity is a potent inhibition of glutamate release from mossy fibers mediated by presynaptic NPY-Y2 receptors (Colmers et al., 1991; Greber et al., 1994). Interestingly, the anticonvulsive action of brain derived neurotrophic factor (BDNF) has been suggested to be mediated by inducing NPY expression (Reibel et al., 2000). The mechanisms underlying the different durations of expression in interneurons vs. granule cells are not known.



Expression of VGAT, SOM, dynorphin and CB1 receptor after silencing PV neurons

In addition to NPY-IR, we investigated the expression of VGAT, SOM, dynorphin and CB1 receptor in the subiculum and hippocampus of mice that had experienced SRS and IS during a period of 42 days (Experiment 1). VGAT-, SOM- and dynorphin-IR and SOM mRNA were not altered indicating that there is no sprouting of the respective GABA neurons and of mossy fibers. In contrast, we observed a modest decrease of the endocannabinoid receptor CB1. This change could be associated with reduced inhibition of GABA release from basket cells and, thus, could also represent an endogenous anticonvulsive mechanism. In a preliminary experiment we also applied the CB1 agonist WIN55,212 to AAV-TeLC-injected mice. If the reduction in CB1 receptors would have an anticonvulsive effect, the CB1 agonist should be proconvulsive (in the same way as the Y2 antagonist). We, however, observed no effect of WIN55,212.

A key finding of the model of KA-induced recurrent seizures was the selective degeneration of PV-containing basket cells in the subiculum (Drexel et al., 2011) that may be causatively related to the subsequent development of SRS. This finding is supported by the present model showing that already unilateral silencing of PV-interneurons in the subiculum (without degeneration of the affected neurons) leads to SRS (Drexel et al., 2017). In the KA model, fibers of SOM neurons sprout in the subiculum [and even beyond to the molecular layer of the dentate gyrus (Peng et al., 2013)] whereas they do not in our present experiments after only silencing PV basket cells. SOM is primarily contained in oriens-lacunosum moleculare (O-LM) cells projecting from the stratum oriens to the stratum lacunosum moleculare in CA1 (and from the pyramidal cell layer to the molecular layer of the subiculum) and mediate feed-back inhibition upon pyramidal cells (Klausberger, 2009). NPY is mainly contained in bistratified cells and in Ivy cells also exerting feed-back inhibition upon pyramidal cell dendrites (Klausberger, 2009). It is interesting to note that NPY-containing axon terminals over-express the peptide (or even sprout) already after silencing of PV neurons (without neurodegeneration) and resulting SRSs, whereas SOM-containing O-LM cells only sprout after degeneration of PV neurons in the subiculum (KA model). Sprouted O-LM cells may mediate augmented feed-back inhibition after the loss of PV cell mediated feed-forward inhibition. As discussed above, in the present model over-expressed NPY may primarily act by presynaptic inhibition of glutamate release.



Does NPY-induced epileptic tolerance also play a role in human TLE?

In specimens of TLE patients, less prominent expression of NPY was seen in granule cells/mossy fibers, possibly due to a prolonged interval between the last seizure and surgery in the patients (Furtinger et al., 2001). Expression of Y2 receptors—in contrast to Y1 receptors—however, was increased throughout the hippocampus including mossy fibers, and increased expression of NPY was observed in axons of interneurons of the subiculum and other parts of the hippocampus (Furtinger et al., 2001). In hippocampal slices obtained from TLE patients, NPY prominently inhibits glutamate release (Ledri et al., 2015). Thus, also in humans NPY may mediate epileptic tolerance, and enhancing NPY-Y2 receptor mediated transmission may be an effective strategy for antiepileptic treatment for epilepsies in humans (Cattaneo et al., 2020).



Conclusion

In conclusion, we provided evidence that NPY over-expressed by SRS and released “on demand” by acute seizures may contribute to epileptic tolerance by stimulating Y2 receptors and inhibiting glutamate release. On the other hand, also increased release of GABA and NO from the same neurons could take part in this mechanism. The site of the anticonvulsive activity of endogenous NPY, however, may not only be limited to the hippocampus and subiculum since SRS cause lasting overexpression of NPY also in other cortical areas such as the perirhinal and entorhinal cortex (Drexel et al., 2012).
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SUPPLEMENTARY IMAGE 1
Dynorphin-IR is not altered in mossy fibers. Dynorphin-IR was assessed in the terminal field of mossy fibers in the stratum lucidum 42 days after AAV-GFP (A) or AAV-TeLC injection (B). (C) Dentate hilus of the same section as in panel (B); note the absence of mossy fiber sprouting proving that there is no neurodegeneration. (D) Relative optic densities (ROD) in the strata lucidum of AAV-GFP-injected controls (GFP) and of AAV-TeLC-injected mice without [TeLC (-sz)] and with previous SRS [TeLC (+sz)].

SUPPLEMENTARY IMAGE 2
VGAT-IR in mice with previous SRS. VGAT immunofluorescence in horizontal sections on the level of the ventral hippocampus of mice injected with AAV-GFP (A) or AAV-TeLC (B). (C) Mean VGAT-immunofluorescence levels were not altered in the outer molecular layer of the subiculum (OML) 42 days after AAV-TeLC injection and did not correlate with the number of previous seizures (D). DG, dentate gyrus; EC, entorhinal cortex; PaS, parasubiculum; PrS, presubiculum; S, subiculum; OML, outer molecular layer.

SUPPLEMENTARY IMAGE 3
SOM mRNA in mice with SRS. Horizontal sections on the level of the ventral hippocampus of mice injected with AAV-GFP (A,C) or AAV-TeLC (B,D) were subjected to in situ hybridization of SOM mRNA. (E) Mean SOM mRNA levels were not altered in interneurons located in the hilus of the dentate gyrus 42 days after AAV-TeLC injection. (F) SOM mRNA expression also did not correlate with the numbers of previous SRS.


Footnotes
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Objective: Altered expression patterns of Na+-K+-2Cl– (NKCC1) and K+-Cl– (KCC2) co-transporters have been implicated in the pathogenesis of epilepsy. Here, we assessed the effects of imbalanced NKCC1 and KCC2 on γ-aminobutyric acidergic (GABAergic) neurotransmission in certain brain regions involved in human focal cortical dysplasia (FCD).

Materials and methods: We sought to map a micro-macro neuronal network to better understand the epileptogenesis mechanism. In patients with FCD, we resected cortical tissue from the seizure the onset zone (SOZ) and the non-seizure onset zone (non-SOZ) inside the epileptogenic zone (EZ). Additionally, we resected non-epileptic neocortical tissue from the patients with mesial temporal lobe epilepsy (MTLE) as control. All of tissues were analyzed using perforated patch recordings. NKCC1 and KCC2 co-transporters expression and distribution were analyzed by immunohistochemistry and western blotting.

Results: Results revealed that depolarized GABAergic signals were observed in pyramidal neurons in the SOZ and non-SOZ groups compared with the control group. The total number of pyramidal neurons showing GABAergic spontaneous postsynaptic currents was 11/14, 7/17, and 0/12 in the SOZ, non-SOZ, and control groups, respectively. The depolarizing GABAergic response was significantly dampened by the specific NKCC1 inhibitor bumetanide (BUM). Patients with FCD exhibited higher expression and internalized distribution of KCC2, particularly in the SOZ group.

Conclusion: Our results provide evidence of a potential neurocircuit underpinning SOZ epileptogenesis and non-SOZ seizure susceptibility. Imbalanced function of NKCC1 and KCC2 may affect chloride ion homeostasis in neurons and alter GABAergic inhibitory action, thereby contributing to epileptogenesis in FCDs. Maintaining chloride ion homeostasis in the neurons may represent a new avenue for the development of novel anti-seizure medications (ASMs).
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epilepsy, focal cortical dysplasia, cation-chloride cotransporters, pyramidal neurons, seizure onset zone


Introduction

Focal cortical dysplasia (FCD) is a common cause of refractory epilepsy (Blumcke et al., 2011). Histological features have shed light on the cytoarchitectural differences and underpinning developmental pathogenic mechanisms allowing for a more detailed categorization of FCD. However, from a functional perspective, the electrophysiological changes corresponding to these pathological changes and precise epileptogenic mechanisms of FCD remain unknown (Muhlebner et al., 2019).

Epilepsy results from an imbalance between excitatory and inhibitory synaptic transmission in the brain (Palma et al., 2017). Previous studies have documented decreased expression of γ-aminobutyric acid (GABA) receptor subunits, reduced γ-aminobutyric acidergic (GABAergic) interneuron, and decreased spontaneous postsynaptic GABA currents in pyramidal neurons. This may underpin the epileptogenic mechanisms of FCD (Talos et al., 2012; Zhou and Roper, 2014; Medici et al., 2016). FCD patients with epilepsy typically exhibit resistance to conventional anti-seizure medications (ASMs), especially GABAA receptor agonists; this remains a clinical challenge. Recent studies have demonstrated that the Na+-K+-2Cl– (NKCC1) and K+-Cl– (KCC2) cotransporters alter GABAergic inhibitory function by regulating intracellular chloride concentration ([Cl–]i) (Doyon et al., 2016; Liu et al., 2019). Histological and molecular studies have revealed altered expression and distribution patterns of NKCC1 and KCC2 in the dysplastic neurons of patients with FCD exhibiting epilepsy (Aronica et al., 2007; Munakata et al., 2007; Sen et al., 2007). In addition, bumetanide (BUM), a specific blocker of NKCC1, has been reported to exhibit antiepileptic effects in several preclinical and clinical studies (Dzhala et al., 2005; Beleza, 2009; Eftekhari et al., 2013; Gharaylou et al., 2019; Ragot et al., 2021). This suggests that the expression and function changes in the chloride co-transporter play important roles in epileptogenesis. However, electrophysiological studies of the functional alterations underlying these changes remain limited. Cepeda et al. (2007) reported the depolarized equilibrium potential of GABA (EGABA) and prominent GABAA receptor (GABAAR)-mediated spontaneous and evoked depolarizing responses in pediatric patients with severe FCD exhibiting epilepsy. Blauwblomme et al. (2019) demonstrated that the abnormal function and expression of the chloride transporter in neurons of patients with FCD exhibiting epilepsy may lead to the paradoxical depolarization of pyramidal neurons. However, these studies have inherent limitations, such as inevitable disputed [Cl–]i caused by whole-cell recordings or the lack of intracellular recordings.

At the macroscopic level, based on electrocorticography (ECoG) data Rosenow and Luders (2001) defined the epileptogenic zone (EZ) as the area of the cortex necessary for the generation of recurrent seizures that needs to be removed to achieve seizure freedom. Recently, under diverse macroscopic diagnostic tools, different cortical zones have been conceptualized, such as the seizure onset zone (SOZ), which has been found to be characterized by anomalous EEG signals compared with the surrounding tissues (Jehi, 2018; Zijlmans et al., 2019). Although the temporal dynamics of epileptiform synchronization and epileptogenic networks are well described at the macroscopic level, the key features at the cellular and microcircuit levels cannot be captured by macroscopic evaluation. Therefore, little remains known about the microscopic characteristics and network changes of the EZ (Farrell et al., 2019). Clinicians were determined to gain a comprehensive understanding of epileptic mechanisms through multi-scale evaluations. Therefore, in this study, we selected the SOZ and non-seizure onset zone (non-SOZ) in the EZ of patients with FCD exhibiting epilepsy to assess disease-related changes at the cellular and microcircuit levels.

This study sought to compare the detailed electrophysiological characterization of GABAergic neurotransmission in pyramidal neurons in the SOZ and non-SOZ inside the EZ of patients with FCD with non-epileptic temporal neocortex and to correlate these features with the patterns of NKCC1 and KCC2. We probed whether depolarizing GABAergic action caused by the imbalanced function of NKCC1 and KCC2 cotransporters would perturb chloride ion homeostasis in neurons and contribute to the generation and propagation of epilepsy in patients with FCD.



Materials and methods


Patient selection and cortical tissue acquisition

In this study, 30 patients with intractable epilepsy were enrolled at Xuanwu Hospital of Capital Medical University from June 2018 to December 2019. Following a standardized preoperative evaluation, all patients underwent surgery to remove the EZ. Neocortical tissues were obtained from 20 patients with FCD and epilepsy. In addition, 10 patients with mesial temporal lobe epilepsy (MTLE) were chosen as the control group because of their relatively non-epileptic neocortical tissue, as suggested by previous studies (D’Antuono et al., 2004; Palma et al., 2006). The temporal neocortex of these patients with MTLE was characterized by no obvious structural aberration and minimal epileptic discharge based on intraoperative ECoG recording. The detailed clinical information and pathological characteristics of the enrolled patients are summarized in Table 1. Our research protocol was approved by the Medical Ethics Committee of Xuanwu Hospital, Capital Medical University. All patients were well informed about the study, and consents were obtained from them.


TABLE 1    Patients characteristics.
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Each patient recruited in the study underwent standardized preoperative evaluation procedures to delineate the EZ and locate the SOZ, including detailed clinical history, neurological examinations, video-electroencephalographic recordings (vEEG), neuropsychological examinations, and neuroimaging studies, etc. Neuroimaging studies include high-resolution magnetic resonance imaging (MRI, 3T), magnetoencephalography, and 18-fluorodeoxyglucose positron emission tomography (FDG-PET). As mentioned above, Rosenow and Luders (2001) defined the EZ as the area of cortex that is indispensable for the generation of epileptic seizures. An integral component for the delineation of the EZ is the seizure onset zone (SOZ): the area of cortex that initiates clinical seizures as determined predominantly by intracranial investigations. Inside the EZ, two blocks of neocortical tissue (1 cm × 1 cm × 1 cm) were defined as SOZ and non-SOZ. However, there is currently no clear definition of “non-SOZ.” In this study, SOZ is confirmed as the area of cortex that initiates clinical seizures by combining presurgical intracranial investigations and symptomatology (Figure 1A, electrode B). For the other area expect SOZ in the surgical resection, as our previous study, we choose “non-SOZ” as one of brain tissue which is also located in the area to be excised but showing the least abnormal electrophysiological recordings under subdural recording (Figure 1B; Cheng et al., 2022).
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FIGURE 1
Localization of the seizure onset zone (SOZ) and non-seizure onset zone (non-SOZ). (A) Presurgical evaluation and confirmation of SOZ. (a1,2) Represents an area of hypometabolism in the left middle temporal lobe (arrow) in a PET scan of the patient with focal cortical dysplasia (FCD) having a negative MRI. (a3,4) Represents spontaneous recurrent rhythmic interictal spikes (arrow) and ictal discharges (arrowhead) restricted to the region in the left middle temporal gyrus from electrode B in the stereo-electroencephalograph recordings. (B) Reconfirmation of neocortical samples during surgery. (b1) The yellow and green areas reflect the areas of tissue samples used for electrophysiological recording. (b2) Recordings based on electrocorticography (ECoG) showed continuous epileptiform discharges (yellow line) and normal background activity (green line) in the temporal region. The area surrounded by a white dotted line is the region being removed. (C) Post-surgery histological examination with FCD IIa. (c1) Hematoxylin and eosin (H and E)-stained section of brain tissues of control and FCD groups. (c2) The left section shows relative normal shaped and arranged neurons (arrowheads) in the lateral neocortex from patients with mesial temporal lobe epilepsy. The right section represents the extension of the area in the first panel showing dysmorphic neurons with disrupted cortical lamination (arrows). Scale bars represent 500 and 100 μm for the first and second panels, respectively.


Given that the brain tissue is taken during surgery, the surgeon cannot cut off the blood supply in order to keep the brain tissue alive before collecting the brain tissue. When we collected the first two samples (SOZ and non-SOZ) from the first patient, it was shown that collecting two brain tissues at the same time would cause more serious bleeding which did inevitable damages to the patient. Therefore, from the second patient, we adopted a double-blind and random sampling method, and each patient randomly collected one piece of brain tissue. All patients with FCD were confirmed by a postoperative histological examination (Figure 1C). In summary, we divided our experiment into three groups: the SOZ, non-SOZ, and control groups.



Brain tissue slice preparation

After being obtained in the operating room, neocortical tissues were immediately placed into an ice-cooled and oxygenated (95% O2 and 5% CO2) cutting solution containing 220 mM sucrose, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 0.5 mM CaCl2, 7 mM MgCl2, and 10 mM D-glucose (pH 7.4; osmolarity maintained at 340 mOsm/kg), and transferred to our electrophysiological laboratory within 5–10 min. Subsequently, meninges and blood clots were gently removed, and 400 μm neocortical transverse slices were cut using a vibratome (VT 1000S; Leica Microsystems, Wetzlar, Germany) and incubated in oxygenated (95% O2 and 5% CO2) artificial cerebrospinal fluid (ACSF) containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 CaCl2, 2 MgCl2, and 10 D-glucose (pH 7.3; osmolarity maintained at 300–310 mOsm/kg) at room temperature for at least 1 h before recording.



Perforated patch-clamp recording and data analysis

Following incubation, the brain slices were submerged in a recording chamber perfused with oxygenated ACSF at a rate of 2–2.5 mL/min at room temperature. Perforated patch-clamp recordings were performed on pyramidal neurons in the neocortex and viewed under an infrared differential interference contrast microscope with a Nikon 40 water immersion lens (ECLIPSE FN1, Nikon Corp., Tokyo, Japan). Recordings were performed in layers III and IV in the non-SOZ and control groups. In the SOZ group, in which the lamina was not clearly defined, layers III and IV were generally located according to the non-SOZ lamina in the middle region of the dysplastic cortex (Figure 2A). Pyramidal neurons were identified based on their triangular-shaped cell bodies and relatively simple axons and were confirmed by electrophysiological recordings as displaying longer action potential (AP) half-widths and lower peak AP frequency (Avermann et al., 2012). Recording electrodes (resistance, 4–6 MΩ) were prepared from borosilicate glass capillaries (B15014F, Vital Sense Scientific Instruments Co., Ltd., Wuhan, China) using a horizontal pipette puller (P-1000 Next Generation Micropipette Puller, Sutter Instrument, CA, USA). The pipette solution contained (in mM) 135 KCl, 10 HEPES, 0.5 CaCl2, 2 MgCl2, and 5 EGTA (pH 7.3 adjusted with KOH; osmolarity maintained at 290–300 mOsm/kg). Gramicidin was stocked at an initial concentration of 16 mg/ml and then diluted with pipette solution to reach a final concentration of 80 μg/ml. The electrode tip and barrel were backfilled with pipette solution and gramicidin-containing pipette solution, respectively. Following the formation of a tight seal and after the series resistance (Rs) decreased and stabilized at 30–110 MΩ, we started recording. Recordings were ended when a rapid decrease in Rs and a “leak-like” current were observed, indicating that the cell had entered the conventional whole-cell configuration by rupture of the membrane seal. The resistance and capacitance of the pipette have been compensated. Liquid junction potential was not corrected.
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FIGURE 2
Electrophysiological characteristics and spontaneous excitatory postsynaptic currents of pyramidal neurons (PN) among groups. (A) Photomicrographs of individual PN within the dysplastic cortex. (B) Representative traces and action potential firing of pyramidal neurons from the SOZ, non-SOZ, and control groups with –100, 0, 200 pA injection at the resting membrane potential. (C) Representative traces of spontaneous excitatory postsynaptic currents obtained in the three groups. (D) Comparison of the electrophysiological characteristics of pyramidal neurons across the three groups N = 19, 18, 16 for SOZ, non-SOZ, and control groups, respectively. (E) Comparison of spontaneous excitatory postsynaptic currents of pyramidal neurons across the three groups. N = 20, 18, 16 for SOZ, non-SOZ, and control groups, respectively. *p < 0.05, **p < 0.01, ***p < 0.01. Data was shown as mean ± SEM.


We first recorded the resting membrane potential (Vm), membrane conductance, and firing properties to identify pyramidal neurons in the current-clamp mode. Next, we recorded spontaneous excitatory postsynaptic currents (sEPSCs) for 3 min at a holding potential of −70 mV in the voltage-clamp mode. Subsequently, we acquired pharmacologically isolated GABAergic sPSCs by applying 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 μM) and DL-2-amino-5-phosphonopentanoic acid (DL-AP5, 100 μM) to block α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors. BUM (10 μM) was then added to assess its effects on GABAergic sPSCs. The sEPSCs were automatically detected at amplitude adjusted above the root 2 mean square noise level using Clampfit 10.5 (Molecular Devices, CA, USA). Cumulative amplitudes were calculated by summating amplitudes of all events within 180 s periods.

In this study, to probe the EGABA of pyramidal neurons, we first determined the neuronal firing patterns in response to depolarizing current injections prior to perfusion with tetrodotoxin. We applied GABA in the chamber with a pulsed fashion immediately during the ramp test. A hand-made fast drug delivery systems was used to apply GABA (100 μM, containing: CGP 35348, 1 μM; TTX, 1 μM) from a pipette resting 10 –20 μm above the slice at the position of the recorded soma. The system enabled quick fluid changes with a speed of 1 ml/min and a diameter of about 20 μm for its tip. Voltage ramps −80 to + 10 mV over 100 ms applied from a holding potential of −70 mV in the absence and presence of GABA were used to determine EGABA. The membrane voltage at which the current traces, obtained in the presence and absence of GABA, crossed was measured as the apparent EGABA. Then, voltage ramps were repeated following the addition of BUM (10 μM). The membrane voltage at which the current traces, obtained in the presence and absence of BUM, crossed was measured as the apparent EBUM. In addition, the driving force for GABA production (DFGABA = EGABA–Vm) was measured.



Immunohistochemistry

The brain tissue was fixed in 10% formalin and embedded in paraffin. Paraffin-embedded tissues were sectioned at 6 μm and heated in a microwave oven (60°C for 60 min). The sections were thereafter deparaffinized in xylene and rehydrated sequentially in graded concentrations of alcohol. Sections from the SOZ, non-SOZ, and control groups were probed with an anti-KCC2 antibody (Millipore, #07-432, Boston, MA, USA, 1:200) overnight at 4°C. The slides were then incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h. Immunolabeling was visualized using the avidin-biotin conjugation method and 3,3′-diaminobenzidine. The sections were next counterstained with hematoxylin.



Immunofluorescence staining

Brain slices were post-fixed with 10% formalin, washed three times with PBS, incubated for 30 min with 0.3% Triton, and then blocked with 1% goat serum for 1 h to avoid binding of non-specific antibodies. Sections were then incubated at 4°C overnight with the following primary antibodies: anti-NKCC1 (Millipore, PA5-118800, Boston, MA, USA, 1:200), anti-NeuN (Sigma-Aldrich, St. Louis, MO, USA, MAB377, 1:200). Secondary antibodies conjugated to Alexa Fluor 488 or 594 (1:1,000; Invitrogen) were applied for 1.5 h at room temperature. Slides were mounted with Fluoroshield containing DAPI (Ab104139; Abcam) and observed with a confocal microscope (LSM710; Zeiss, Oberkochen, Germany).



Western blot analysis

Total protein was quantified using a BCA Protein Assay Kit (Solarbio, Beijing, China). Samples were electrophoresed on 5 and 10% Tris–HCl gels, transferred onto polyvinylidene difluoride membranes, and incubated with primary antibodies (anti-KCC2, Millipore, 1:1,000). GAPDH (mouse monoclonal IgG, CST, Danvers, MO, USA 1:5,000) was used as the reference protein. Horseradish peroxidase-conjugated secondary antibodies (anti-rabbit IgG and anti-mouse IgG; LI-COR, USA) were used to bind the primary antibodies. The bands were visualized using a two-channel infrared (IR) scanner (Odyssey, NE, USA). Densitometric analysis of the protein signals was carried out using the ImageJ software (version 6.0; NIH, Bethesda, MD, USA). The target protein levels were normalized to internal control.



Statistical analysis

All data distributions were assessed with the Shapiro–Wilk test. For the normal distribution, data were analyzed using Student’s t-test or one-way ANOVA with post-hoc tests. Results were expressed as mean ± standard error of the mean (SEM), with significance set at p < 0.05. For the skewed distribution, analysis was carried out using the non-parametric Kruskal–Wallis test followed by Dunn’s multiple comparisons or Mann–Whitney U-test. Results were expressed as medians and interquartile range (IQR), with significance set at p < 0.05.




Results


Clinical information

First, we analyzed the clinical characteristics of the patients included in this study. No significant differences in the mean duration of epilepsy were observed across the groups. Briefly, the male/female ratio of patients with FCD exhibiting epilepsy enrolled in the study was 1:1, the mean duration of epilepsy being 13.5 ± 1.8 years and the average age at surgery being 22.9 ± 2.1 years old. The EZ in the FCD was localized in frontal (n = 9), temporal (n = 10), or posterior quadrants (n = 1).



Comparison of electrophysiological properties in pyramidal neurons among seizure the onset zone, non-seizure the onset zone, and control groups

Using perforated patch-clamp recording, we first compared the basic electrophysiological properties of pyramidal neurons across the three groups in the current-clamp mode. No significant differences were observed across the groups in terms of average Vm, cell capacitance (Cm), input resistance (RN), or membrane time constant (Table 2). No significant differences were observed across the pyramidal neurons of the three groups regarding the characteristics of the action potentials induced by the injection of a + 300 pA current (Figures 2B,C and Supplementary Figure 1).


TABLE 2    Comparison of the intrinsic membrane properties of pyramidal neurons among different groups.
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Next, we recorded the sEPSCs of pyramidal neurons in the SOZ, non-SOZ, and control groups held at −70 mV. The average frequency of sEPSCs on pyramidal neurons was significantly lower in the control group than in the SOZ group (median = 0.25 Hz, IQR = 0.1–0.28 Hz, n = 17 vs. median = 0.36 Hz, IQR = 0.22–0.85 Hz, n = 20, p = 0.02) and non-SOZ group (median = 0.53 Hz, IQR = 0.28–1.05 Hz, n = 16, p = 0.003). However, no significant difference was observed between the SOZ and non-SOZ groups. The median amplitude of sEPSCs on pyramidal neurons was not significantly different among the three groups. The decay time was smaller in the non-SOZ group (median = 17.02 ms, IQR = 15.95–18.54 ms) than in the control group (median = 23.11 ms, IQR = 19.61–47.29 ms, p = 0.0001) and the SOZ group (median = 19.73 ms, IQR = 18.62–31.47 ms, p = 0.02). In addition, no significant differences in the sEPSC rise time were observed across the groups (Figures 2D,E).

In a previous study, Talos et al. applied glutamatergic receptor antagonists to isolate and confirm the GABAergic components (GABAA receptor-mediated spontaneous postsynaptic currents, GABAAR-mediated sPSCs) with picrotoxin at a holding potential close to RMP in patients with tuberous sclerosis (Talos et al., 2012). Based on their study’s results, we assessed the effects of GABAergic neurotransmission on sPSCs after blocking glutamatergic receptors to investigate the alterations in GABAergic neurotransmission in human dysplastic epileptic tissues. We first recorded sEPSCs in pyramidal neurons under normal ACSF perfusion in the SOZ, non-SOZ, and control groups, followed by the complete blockade of AMPA and NMDA receptors with CNQX and DL-AP5. Consistent with a previous study, under conditions of complete AMPA and NMDA receptor blockade, residual GABAAR-mediated sPSCs disappeared completely in the control group. However, GABAAR-mediated sPSCs remained present in the SOZ and non-SOZ groups, although they were significantly reduced (Figure 3A).


[image: image]

FIGURE 3
Pyramidal neurons in the SOZ and non-SOZ of focal cortical dysplasia (FCD) showing depolarizing bumetanide-sensitive GABAA receptor responses. (A) Altered inhibitory GABAergic signaling in SOZ and non-SOZ groups. (B) Bumetanide significantly dampened the frequency and cumulative amplitude of GABAAR-mediated sPSCs in FCD patients N = 10. (C–E) GABAAR-mediated sPSCs are shown in the SOZ and non-SOZ groups. (F) Cumulative GABAAR-mediated sPSCs amplitude probability distributions for pyramidal neurons from SOZ and non-SOZ groups. **p < 0.01. Data was shown as medians and interquartile range (IQR).


We assessed the effects of BUM, a NKCC1 blocker, on GABAAR-mediated sPSCs. We first probed how BUM would affect sPSCs by regulating neuronal action potentials. Results demonstrated that BUM did not change the frequency, peak amplitude, threshold, or half-width of the neuronal action potential (data not shown). We normalized GABAAR-mediated sPSCs before and after the application of BUM (10 μM). BUM reduced GABAAR-mediated sPSCs frequency (from 1 to 0.25; n = 10, p = 0.002) and cumulative amplitude (from 1 to 0.24, n = 10, p = 0.004) in FCD patients (Figure 3B). No significant effect of BUM was observed on GABAAR-mediated sPSCs amplitude (Figure 3B).



Features of γ-aminobutyric acidergic transmission

We found no GABAAR-mediated sPSCs on pyramidal neurons in the control group. However, GABAAR-mediated sPSCs were more common in neurons in the SOZ group (11/18, 61.11%) than in the non-SOZ (7/18, 38.89%). There was no significant difference in the frequency of GABAAR-mediated sPSCs (median = 0.08 Hz, IQR = 0.03–0.17 Hz, n = 11 vs. median = 0.07 Hz, IQR = 0.02–0.11 Hz, n = 7, p > 0.05), the amplitude of GABAAR-mediated sPSCs (median = 7.5 pA, IQR = 6.4–12.0 pA, n = 11 vs. median = 7.1 pA, IQR = 6.6–9.6 pA, n = 7, p > 0.05) and the cumulative amplitude of GABAAR-mediated sPSCs (median = 90.7 pA, IQR = 44.7–360.2 pA, n = 11 vs. median = 95.0 pA, IQR = 48.9–125.4 pA, n = 7, Mann–Whitney U-test, p > 0.05) in the pyramidal neurons of between SOZ and non-SOZ groups (Figures 3C–E). Cumulative GABAAR-mediated sPSCs amplitude distribution from cells depicted in SOZ showed was significantly higher in SOZ compared with non-SOZ group (P < 0.001, Mann–Whitney U-test, Figure 3F).



More depolarized EGABA in seizure the onset zone of focal cortical dysplasia

EGABA reflects the potential at which currents are generated during the voltage ramp in the absence and presence of GABA intersect (Figure 4A). The average EGABA for each neuron measured in the different groups is represented in Figure 4B. The EGABA on pyramidal neurons in the SOZ group (−54.5 ± 6.2 mV, n = 7) was significantly shifted to more positive values compared to that in the control group (−73.0 ± 1.0 mV, n = 7, p < 0.05) and non-SOZ group (−69.2 ± 1.9 mV, n = 6, p < 0.05, Figure 4B). The polarity of GABAergic response is affected by the driving force of GABA. EGABA (−54.5 ± 6.2 mV, n = 7) was more positive than RMP (71.6 ± 2.5 mV, n = 7, Student’s t-test, p < 0.05) in the SOZ group. In contrast, no significant differences were observed between EGABA and RMP in the non-SOZ (−75.2 ± 2.8 mV, n = 6 vs. −69.2 ± 1.9 mV, n = 6) and control groups (−73.6 ± 2.4 mV, n = 7 vs. −73.0 ± 1.0 mV, n = 7). DFGABA was significantly higher in the SOZ group than in the control group (median = 17.85 mV, IQR = 8.43–15.55 mV, n = 7 vs. median = 4.29 mV, IQR = −8.18-4.617 mV, n = 7, p > 0.05 Figure 4B). In contrast, no significant difference was observed in the DFGABA of the non-SOZ group compared to the control group. Application of BUM did not alter EGABA in the control group (−75.1 vs. −71.2 mV), but EGABA shifted to more negative values in the SOZ group (−52.9 vs. −75.0 mV) (Figure 4A).
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FIGURE 4
Comparison of reversal potentials of GABA (EGABA) across groups. (A) Gramicidin-perforated-patch recordings exhibiting current traces of pyramidal neurons from SOZ (a) and control groups (b) during hyperpolarizing ramps (bottom) in the absence of GABA (black line), with the application of 100 μM GABA (gray line), and with the application of 100 μM GABA and 10 μM BUM (red line). The ramp potential at which the current traces without GABA and with GABA, without BUM and with BUM intersected, represent EGABA (gray arrow in inset) and EBUM (red arrow in inset). Vertical dashed lines intersecting the command potential schematic show the range of command voltage in the boxed area. Insets: expanded traces of boxed regions illustrate the EGABA (gray arrow) and EBUM (red arrow) of a pyramidal neuron in SOZ (a,c) and control groups (b,d). (B) Summary plot of EGABA and DFGABA across groups. *p < 0.05. Data was shown as mean ± SEM.




Expression and distribution of K+-Cl– in human epileptic focal cortical dysplasia and non-epileptic cortical tissues

In addition to the electrophysiological results indicated significant depolarizing GABAergic signaling in neurons in the SOZ group, we assessed the neuronal expression of NKCC1 and KCC2 in the three groups (Figure 5). As previous studies, NKCC1 showed a wide distribution in a variety of tissues and cell types within and outside the nervous system (Virtanen et al., 2020). In our study, we also tried to explore the subcellular distribution of NKCC1 using immunofluorescence but found that no significant differences in the subcellular location of NKCC1 were observed across the groups. Strong NKCC1 immunoreactivity was detected in most NeuN-expressing normal-sized neurons in all the groups. Immunostaining for NKCC1 was present in the soma and dense intra-somatic staining (Supplementary Figure 2).
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FIGURE 5
Comparison of KCC2 expression across all three groups. A diaminobenzidine reaction product was used for the immunohistochemical detection of KCC2 using a hematoxylin counterstain. (A–C) Sub-cellular KCC2 distribution in the three groups. High peri-somatic KCC2 localization was assessed in the SOZ of patients with FCD and epilepsy. Cytoplasmic expression was absent in the non-SOZ of the same patient and the control group. (A2–C2) Represent magnified images of the enclosed areas in (A1–C1). Black frames in (A2–C2) depict different sub-cellular KCC2 distribution (arrows). Scale bars represent 100 μm for (A1–C1), 30 μm for (A2–C2), and 10 μm for the black frame in (A2–C2). (D,E) Expression in total homogenates from specimens in SOZ, non-SOZ, and control groups. Expression of GAPDH (as a reference protein) as seen in the same protein extracts. *p < 0.05. Data was shown as mean ± SEM.


Diffuse neuropil staining for KCC2 was observed in the FCD cortical tissue as well as in the control temporal neocortex. The neurons in the SOZ showed that KCC2 was internalized into the cells and that its distribution on the cell membrane was significantly reduced. However, there was no obvious KCC2 cell internalization in the non-SOZ and control groups. Histological analyses revealed cytoplasmic KCC2 accumulation in neurons in the SOZ group, whereas cytoplasmic KCC2 staining was absent in the non-SOZ and control groups (Figures 5A–C). A western blot analysis showed that the expression of KCC2 protein in the SOZ and non-SOZ groups was significantly decreased compared with that in the control group (Figures 5D,E).




Discussion

In this study, we assessed the electrophysiological characteristics and depolarizing synaptic activity of pyramidal neurons in patients with FCD and epilepsy. In particular, we probed the effects of imbalanced function of NKCC1 and KCC2 on GABAergic signaling in pyramidal neurons inside the SOZ, non-SOZ within the EZ of the patients with FCD, and non-epileptic neocortex in patients with MTLE (control). We sought to establish a relationship between macroscopic epileptogenesis and microscopic cell-to-cell communication to better understand the epileptogenic network of FCD through a micro-macro neuro-electrophysiology lens. We observed depolarizing GABAergic signaling in pyramidal neurons located in the SOZ and non-SOZ of the FCD, but not in the control group. Although there is no significant difference between SOZ and non-SOZ in terms of frequency and intensity of depolarizing GABAergic responses at this microscopic level, however, there were more neurons with depolarizing GABAergic responses and higher EGABA in the SOZ than in the non-SOZ, which may explain the macroscopic differences between the SOZ and non-SOZ in patients with FCD. In addition, we revealed that depolarizing GABAergic neurotransmission in FCD patients, which can be reversed by BUM, is related to the imbalanced function of NKCC1 and KCC2 in the SOZ. This is the first comparative study of depolarizing GABAergic signals in the SOZ, non-SOZ, and non-epileptic cortical regions. Our findings provide important evidence of a potential neurocircuit underlying SOZ epileptogenesis and non-SOZ seizure susceptibility. These results also point to a possible mechanism for epileptogenesis in FCD at the cellular and microcircuit levels, highlighting a novel therapeutic avenue for patients with FCD and epilepsy.x


Establishing micro-macro electrophysiological recordings to gain a better understanding of the epileptogenic network of patients with focal cortical dysplasia exhibiting epilepsy

Accurate delineation of the EZ is critical to determining which patients with refractory epilepsy are appropriate candidates for surgical intervention (Feindel et al., 2009). Although the EZ remains a theoretical concept, five cortical zones (including the SOZ) related to the EZ are roughly defined in presurgical evaluations (Jehi, 2018; Zijlmans et al., 2019). The precise definition of the SOZ has long been thought to accurately delineate the EZ, but it has been found that the EZ is often more extensive than the SOZ, and the precise boundary of the EZ is poorly defined (Rosenow and Luders, 2001). Rasmussen et al. proposed that removing the SOZ was necessary but insufficient to achieve lasting seizure-free survival (Rasmussen, 1983), which indicates the potential involvement of the non-SOZ within the EZ in epileptogenesis. Currently, epilepsy is considered to be a disease of neural networks (Gonzalez Otarula et al., 2019). Successful surgical outcomes depend on the analysis of seizure-generating networks. For a network-based analysis, focusing on regions in the EZ beyond the SOZ to understand the mechanisms of epileptogenesis is crucial (Badier et al., 2015; Paz and Huguenard, 2015; Zijlmans et al., 2019). In addition, a well-recognized, major clinical problem is that most studies locating the SOZ and EZ mainly emphasize the macroscopic level, with little concern over the microscopic changes involved. Given the markedly different EEG signals between the SOZ and non-SOZ in patients with FCD, we assessed the underlying neurotransmission patterns, particularly the depolarizing GABAergic signals, to uncover potential microscopic distinctions that contribute to the macroscopic differences.

Another challenge in human clinical research remains the acquisition of healthy, non-epileptic brain tissue, which would otherwise not warrant surgical resection in a clinical setting. Here, we chose the temporal neocortex from patients with MTLE as our control group for the following reasons: (1) temporal neocortical tissue lies far from the EZ and is not characterized by any obvious structural aberration (D’Antuono et al., 2004); (2) temporal neocortical tissue has been shown to have the least abnormal transcription of Cl– transporters and highest EGABA compared to the subiculum and hippocampal proper in patients with MTLE, which indicates relatively balanced NKCC1 and KCC2 level (Palma et al., 2006); and (3) temporal neocortical tissue is often resected during operations for such patients with epilepsy.



GABAA receptor-mediated depolarization caused by imbalanced function of Na+-K+-2Cl and K+-Cl– promotes epileptogenesis in patients with focal cortical dysplasia exhibiting epilepsy

The recruitment of glutamatergic neurons is a fundamental component of seizures (Farrell et al., 2019). As 80% of neocortical neurons are excitatory glutamatergic pyramidal neurons (with a higher percentage in CD) (Deukmedjian et al., 2004), pyramidal neurons in FCD are maintained in an immature state with hyperexcitable properties in the malformed cortex (George and Jacobs, 2011). Pathologically interconnected neurons have been hypothesized to gather as novel pathological microdomains, leading to interacting networks that generate hypersynchronous discharges that trigger a seizure (Bragin et al., 2000). Previous reports have indicated that the key features of microcircuits captured by microscopic recordings in different brain regions associated with the EZ are significantly different (Stead et al., 2010; Blauwblomme et al., 2019). The heterogeneity of these microcircuits plays an important role in the formation of the macro-networks. Our results demonstrated that the frequency sEPSCs in pyramidal neurons were higher in the patients with FCD than in the non-epileptic cortex. This supports previous findings in animal models of CD (Zhu and Roper, 2000). The increased frequency of sEPSCs in pyramidal neurons is associated with a shorter decay time in the non-SOZ of patients with FCD as compared to that in the non-epileptic cortex, which may reflect a high epileptogenicity in the non-SOZ group. However, recent studies have demonstrated that depolarizing GABA activity, caused by imbalanced function of NKCC1 and KCC2, initiates and propagates hypersynchronous neuronal activity into a larger network (Dzhala and Staley, 2021; Ragot et al., 2021). Consistent with the different patterns of NKCC1 and KCC2 during development, GABA initially depolarized immature neurons and controls the early network activity in the developing neocortex (Dzhala et al., 2005; Kirmse et al., 2018). However, Valeeva et al. found a developmental excitatory-to-inhibitory switch in GABA actions on pyramidal neurons from P2–P8 and P9-15 mice in vitro. In contrast, mainly inhibitory GABA actions was shown in the immature hippocampus and neocortex in vivo (Valeeva et al., 2016). It is that whether traumatic injury might affect results obtained from in vitro preparations is currently highly debated (Zilberter, 2016). Further research is required to clarify whether or not this is the case. Human FCD, which has many similarities to the immature cortex, may result in epileptiform synchronization, paradoxically initiated by GABAA activation and GABAAR-mediated synaptic transmission changes from inhibitory to excitatory effects caused by altered NKCC1 and KCC2 (D’Antuono et al., 2004; Blauwblomme et al., 2019). In our study, we provided direct neuro-electrophysiological evidence of GABAAR-mediated postsynaptic responses, depolarized EGABA in pyramidal neurons at the single-cell level, and corresponding changes in NKCC1 and KCC2 in the SOZ and non-SOZ of patients with FCD exhibiting epilepsy, when compared to those obtained from non-epileptic human temporal neocortex from patients with MTLE. Moreover, we found several differences in GABA activity between the SOZ and non-SOZ groups in the EZ of patients with FCD, highlighting the importance of depolarizing GABA within a seizure network.



Studying microcircuits in the seizure the onset zone and non-seizure the onset zone may help reveal the mechanism underpinning the generation and spread of macroscopic epileptic networks

In our study, consistent with previous studies, we observed that KCC2 expression was downregulated and internalized in the EZ of patients with FCD, especially in the SOZ (Talos et al., 2012; Blauwblomme et al., 2019). Although decreased expression of KCC2 was noted in both the SOZ and non-SOZ groups, internalized KCC2 was only observed in the SOZ group. Impaired KCC2 regulation may represent a risk factor for the emergence of neuropathology. Pisella et al. (2019) found that heterozygous phosphomimetic variants of KCC2 exhibit altered GABAergic inhibition, increased glutamate/GABA synaptic ratio, and greater susceptibility to seizures. They deduced that dysregulated KCC2 contributed to pathogenesis by controlling the GABAergic developmental sequence in vivo, which has been shown to impair neuronal network formation (Pisella et al., 2019). Moreover, normal GABA receptor-mediated inhibition depends on low levels of intracellular Cl–, which are modulated by the extrusion of Cl– by KCC2. Thus, the loss of KCC2 function results in the neuronal accumulation of Cl–, shifting the direction of ion flow through GABA receptors from hyperpolarizing to depolarizing (Kuchenbuch et al., 2021).

The change of GABA function in the SOZ can strongly affect the microcircuit connection and neuronal network, as well as activate and silence individual neurons. In support of the critical role of KCC2 in postnatal GABAergic inhibition, Kontou et al. (2021) documented rapid mature neuronal apoptosis induced by KCC2 malfunctioning while immature neurons remained mostly intact. This can be explained by the fact that instead of KCC2, NKCC1 is highly expressed in immature neurons and drives Cl– inward. We found that the imbalanced function of NKCC1 and KCC2 in the EZ resulted in depolarization of GABA receptor function and may underpin the hyperexcitability of FCD brain regions. Compared with the control group, SOZ and non-SOZ of patients with FCD showed depolarizing GABA response on pyramidal neurons. Although there were no significant differences in terms of the frequency and intensity of the depolarizing GABA response across the SOZ and non-SOZ groups, fewer neurons with depolarizing GABAergic responses and higher EGABA were shown in the SOZ than in the non-SOZ of FCD patients. The migration of seizures from one side to the other requires the presence of dynamic depolarizing GABA in the network (Kuchenbuch et al., 2021). Therefore, the non-SOZ may represent a subsequent propagation region involved in FCD epileptogenesis. The non-SOZ, with a higher seizure susceptibility, may represent a potential brain region for the initial propagation of epileptic discharges originating in the SOZ. This is consistent with the macroscopic epileptiform discharges observed on EEG recordings that arise in the SOZ and propagate to the non-SOZ. It has also been suggested that more than one potential SOZ, with different thresholds, may exist in a single EZ (Rosenow and Luders, 2001). Although the SOZ with the lowest threshold typically generates seizures, another area in the non-SOZ with the second-lowest threshold would take over to be the new SOZ if the original SOZ has been resected. We speculate that non-SOZ may represent a potential SOZ capable of generating recurrent seizures upon resection of the previous SOZ, which thereby emphasizes the need to remove the entire EZ for seizure-free survival.



Outlooks and limitations

In our study, we focused on the depolarizing GABA synaptic activity caused by the imbalance of NKCC1 and KCC2 and aimed to build a micro-macro neuronal network to determine the relationship between depolarizing GABA and epileptogenesis in FCD. We observed depolarizing GABAergic signaling among pyramidal neurons in both the SOZ and non-SOZ of the patients with FCD, with a higher number of responsive neurons in the SOZ group. Thus, we speculated that abnormal GABAergic activity might influence epileptogenesis in the SOZ group and seizure susceptibility in the non-SOZ group. The microscopic recordings within areas of macroscopic evaluation and definition, that is, SOZ and non-SOZ, also pointed to the importance and potential of mapping epileptic activities at multiple scales. In addition, given the effects of BUM, the maintenance of chloride homeostasis in neurons could represent an alternative avenue for developing ASMs. Previous studies have reported that BUM exerted significant seizure control effects in adult patients with temporal lobe epilepsy (Eftekhari et al., 2013; Gharaylou et al., 2019). In our study, a BUM application inhibited GABAAR-mediated postsynaptic responses in cortical slices of patients with FCD and epilepsy at the individual cell level. However, the use of BUM as a potential new antiepileptic drug warrant further examination. Future studies should examine BUM derivatives as novel ASMs. In addition to NKCC1, an inhibitor of KCC2 should be explored for its effect on depolarizing GABA responses.

This study had several inevitable limitations. First, although we found the specific NKCC1 inhibitor BUM significantly reduced the depolarizing GABAergic response, it is hard to figure out why BUM functions as a result from functional upregulation of NKCC1 or decreased expression of KCC2 in FCD. To solve this issue, we think that the single-channel recording and the specific and available blocker of KCC2 is in urgent need. Second, it remained difficult to obtain SOZ and non-SOZ from the same patient with FCD to avoid excess injury and protect important functional brain areas during surgery. Finally, the size of our cohort was relatively small, and we did not take a deeper look into the differences across variable FCD subtypes and neuronal subgroups. In the future, a larger cohort of patients should be recruited to assess the potentially different GABAergic functions across FCD subtypes and other types of neurons, such as interneurons.
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SUPPLEMENTARY FIGURE 1
Action potential properties of pyramidal neurons. (A) The action potential number of pyramidal neurons (PNs) from control, FCD SOZ, and FCD non-SOZ cortex under a stepped current injection lasting 600 ms. N = 16, 19,18 for control and SOZ, non-SOZ groups. (B) The first spike latency of PC from control, FCD SOZ, and FCD non-SOZ under a 300 pA injection. N = 16, 19, 18 for control and SOZ, non-SOZ groups. Data was shown as mean ± SEM.

SUPPLEMENTARY FIGURE 2
Expression of NKCC1 in neurons from three groups. Double-label immunostaining for NeuN and NKCC1 demonstrated no obvious differences in expression and sub-cellular localization in neurons from SOZ, non-SOZ and control groups. Arrow indicated neurons with intra-somatic expression of NKCC1. Arrowheads indicated neurons with membrane expression of NKCC1. Scale bar represented 20 μm.
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Patient/Sex/Age

FCD
1/M/18.5 years

2/M/34 years

3/F/22.1 years

4/F/28.8 years

5/M/31 years

6/F/7 years

7/F/11.9 years

8/M/31.3 years

9/M/27.6 years

10/M/11.1 years

11/F/12 years

12/F/35 years

13/M/22.8 years

14/M/24.3 years

15/F/15 years

16/F/12 years

Histology

FCD Ia

FCD Ia

FCD Ila

FCD Ila

FCD IIa

FCD IIb

FCD Illa

FCD IIla

FCD IIIb + CG

CD

CD

FCDIa

FCD Ib

FCD Ila

FCD IIb

FCD IIb

Onset age;
frequency

15 years;
2-3 Sz/day

7 years; NA

10 years; NA

9 years;
1 Sz/several days

2 years;
10 Sz/month

4 years; 2 Sz/day

5 years;
1-2 Sz/week

24 years;
3-5 Sz/month

9 years;
2 Sz/month

2 years; NA
2 years;

>2 Sz/six
months

20 years;
1-2 Sz/day

11 years;
>10 Sz/month

10 years;
1-2 Sz/day

5 years;
10-20 Sz/month

5 years;
4 Sz/week

Sz types

Focal impaired
awareness seizure

Focal impaired
awareness seizure,
GTCS

Focal
aware/impaired

awareness seizure

Focal
aware/impaired
awareness seizure,
GTCS

Focal impaired
awareness seizure

Focal aware seizure

Focal impaired

awareness seizure

AS

Focal impaired

awareness seizure

Focal impaired
awareness seizure,
GTCS, SE

Focal impaired
awareness seizure,
GTCS

Focal impaired

awareness seizure

focal impaired

awareness seizure

Focal impaired
awareness seizure,
GTCS

Focal impaired
awareness seizure,

GTCS

Focal impaired

awareness seizure

ASMs, n;
Name

2; OXC, LEV

2; CBZ, VPA

NA

2; LEV, LTG

2; OXC, VPA

2; OXC, LEV

3; VPA, OXC,

CBZ

2; LTG, VPA

2; CBZ, VPA

NA

2; OXC, LEV

1;CBZ

2; CBZ, PB

2; TPA, CBZ

2; VPA, TPM

2; OXC, LEV

EEG

Abnormal spikes in
RT

Abnormal spikes in
LT

Abnormal spikes in
RF

Rhythmic posterior
RMEF spikes and

‘waves

Abnormal spikes in
LF

Abnormal spikes in
LF

Abnormal spikes in
LT

Rhythmic LT spikes

and slow waves

RP, RT slow waves

Abnormal spikes in
RE RMT

Rhythmic RP, RO,
RT, central gyrus
spikes and waves

Rhythmic RE, RT
spikes

Abnormal spikes in
RT

RF spikes and waves

Rhythmic LE, LT
spikes, and slow
waves

Rhythmic RT spikes

and slow waves

MRI; PET

Normal MRI;
hypometabolism in RT

Normal MRI;
hypometabolism in LT

Abnormal signals in RA;
hypometabolism in RF
and RT

NA; hypometabolism in
RF and RIT

Mild LH swelling;
hypometabolism in LE,
LT, and LP

NA

LH abnormal signals;
hypo-metabolism in LT,
LP,LO

Bilateral mild HS;
hypometabolism in LT,
LH

Encephalomalacia foci in
RP; NA

R cerebral hemisphere
malformation; NA

RSE RP G/W matter
blur-ring;
hypometabolism in RSP,
RIT

Hypersignal in RH;
hypo-metabolism in RT,
RH

FLAIR hyper-signal in
RH; hypometabo-lism in
RT

Normal MRI;
hypometabo-lism in RF

FLAIR hypersignal in LF;
NA

RT abnormal signals; NA

Surgery

RT + RI cortectomy

LT lesion- ectomy
after SEEG

RF cortectomy after
SEEG

RF and RT

lesionectomy

LE LT, LH
lesionectomy after
SEEG

LF lesion-ectomy

LATL after SEEG

Mesial LT lobectomy
after SEEG

RT + RP
lesionectomy after
SEEG

Lesion-ectomy +
hemispherectomy

Lesionectomy

RATL after SEEG

RATL

RF cortectomy

LF+LCC
cortectomy after
SEEG

RT cortectomy after
SEEG

Regions

RIT

LT

RMF

RSF

LMF

LMF

LTP

LTP

RIP

RT

RT

RMT

RMT

RSF

LSF

RT

Groups

SOz

SOZ non-SOZ

SOz

SOz

SOz

NeY4

Neoys

SOz

Neoys

SOz

SOz

non-SOZ

non-SOZ

non-SOZ

non-SOZ

non-SOZ
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17/F/11 years FCD IIb 6 years; Focal impaired 4; OXC, VPA, Spikes and slow LACC G/W blurring; LF + LCC LSF non-SOZ
1-2 Sz/week awareness seizure LTG,CLZ waves in LE, central hypometabo-lism in LF cortectomy after
area and LT and LP SEEG
18/M/26 years FCD IIIb + CG 1 year; Focal impaired 2; CBZ, VPA Abnormal spikes in Encephalomalacia in RF RF cortectomy after RIF non-SOZ
1 Sz/month awareness seizure RF and RI SEEG
19/M/31.7 years CD 29 years; GTCS 1;CBZ RT and RF slow R cerebral hemisphere RF + RT cortectomy RT non-SOZ
2-3 Sz/day waves malformation;
hypometa-bolism in RT,
RH, and RIF
20/F/34.1 years CD 13 years; Focal 1; CBZ Rhythmic RF and RT RHS and RF G/W RF + RT cortectomy RIF non- SOZ
4-5 Sz/week aware/impaired waves and spikes. blurring; after SEEG
awareness seizure, hypometabo—lism in RF
GTCS and posterior RIT
Con
21/F/30 years HS 23 years; Focal impaired 2;LEV, VPA RT spike (or sharp) RHS; hypo-metabolism RATL RTP Con
1-2 Sz/day awareness seizure slow wave in RT
22/F/21 years HS (WHO I) 1 year; Focal impaired 4; LTP, PB,VPA, LT spike (or sharp) LHS; hypo-metabolism LATL LTP Con
4-5 Sz/month awareness seizure CBZ slow wave in LH
23/F/32 years HS (WHOI) 2 years; NA Focal impaired 3; PB, LTG, CBZ Rhythmic LT spikes LHS; hypo-metabolism LATL LTP Con
awareness seizure in LT and LH
GTCS
24/F/33 years HS 26 years; NA Focal impaired 2; OXC, TPM Rhythmic RH spikes RHS; hypo-metabolism RATL RTP Con
awareness seizure in RH
GTCS
25/M/48.5 years HS (WHOI) 30 years; Focal impaired NA LT slow waves and LT abnormal signals; NA LATL LTP Con
1-3 Sz/day awareness seizure spikes
GTCS
26/M/45.7 years GG 18 years; Focal impaired 2;GBZ, LEV Rhythmic RT spikes Hypersignal in RH; RATL RTP Con
>3 Sz/week awareness seizure, hypometabolism in RMT
GTCS
27/M/27 years HGM 16 years; Focal impaired 3; TPM, VPA, Rhythmic RT spikes Normal MRI; RATL RTP Con
1-2 Sz/week awareness seizure CBZ and slow waves hypometabolism in RP
and RT
28/M/39.3 years HGM 24 years; Focal impaired 1;,0XC Abnormal spikes in Bilateral mild HS; NA LATL LTP Con
1-2 Sz/day awareness seizure, LT
GTCS
29/F/38 years HS 23 years; Focal 1;CBZ Abnormal spikes in Reduced LT; LATL LT Con
3-4 Sz/day aware/impaired LT hypometabolism in LP,
awareness seizure LE LT
30/M/6 years CG 4 years; Focal 1;VPA Abnormal spikes in Reduced volume of LH; LATL LT Con
3-4 Sz/day aware/impaired LT NA

awareness seizure

ACC, anterior cingulate; ASM, antiseizure medicine; AS, atypical seizure; ATL, anterior temporal lobectomy; CBZ, carbamazepine; CG, cicatricial gyrus; CLZ, clonazepam; EEG, electroencephalography; F, female; FCD, focal cortical dysplasia; E, frontal
lobe; GTCS, generalized tonic-clonic seizures; GG, ganglioglioma; G/W, gray/white; H, hippocampus; HGM: heterotopic gray matter; HS, hippocampal sclerosis; I, insular; L, left; LCM, lacosamide; LEV, levetiracetam; IF, inferior frontal gyrus; LRZ,
lorazepam; LTG, lamotrigine; M, male; ME, middle frontal lobe; MT, middle temporal gyrus; NA, information not available; O, occipital lobe; OXC, oxcarbazepine; PB, Phenobarbital; PHT, phenytoin; RA, right amygdaloid nucleus; PPA, para-hippocampal
place area; RP, right parietal lobe; RT, right temporal lobe; SE, status epilepticus; SE superior frontal gyrus; Sz, seizure(s); T, temporal lobe; TP, temporal pole; TPM, topiramate; VPA, valproic acid.
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FCD (SOZ, N =20) FCD (non-SOZ, Control (N =16)

N=18)
RMP (mV) —74.4 (—64.1 to —78.3) —76.5(—=72.0 to —79.8) —73.1 (—69.9 to —78.1)
Cm (pF) 109.3 (81.2 to 129.9) 88.7 (83.25 to 104.8) 99.1 (77.2 to 119.2)
Ry (MQ) 226.2 +26.4 189.4 £ 20.9 2299 +22.0
Time constant (ms) 50+0.5 42+05 50+0.4

RMP, resting membrane potential; Cm, membrane capacitance; Ry, input resistance. Values are reported as mean &= SEM; medians and interquartile range (IQR), with significance set at
p < 0.05. There was no significant difference among three groups in the above parameters.
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Parasagittal Fluid
Percussion Injury
with PTZ

Controlled
Cortical Impact
with PTZ

Closed Head
Injury with
Electroconvulsive
Shock.

Closed Head
Injury with PTZ

Weight Drop with
PTZ

Rat, 204-384 g,
‘Sprague Dawiey

Mice, P21,
C57BL/6J

Mice, 20-25.g,
€04

Mice, 6-8 weeks,
C57BLBS

Rats, 260400 g,
‘Sprague Dawiey

Puise pressure of
1.9-2.1 atm; 30 mgkg
PTZ (ip) 2 weeks
post-TBI

Cortical compression at
12173 mm depth at
4-4.5 Vs velocity and
150 ms duration;
30-50mg/kg PTZ (ip)

2mm steel tip
impounder at 6 m/s
velocity and impact
depth 3.2 mm

5-7 mm impactor at
7.14 s velocity
during 100 ms period;
10mgkg PTZ p)

3 days post-TBI

20 g weight dropped
from 20 cm height;
30 mg/kg PTZ p.)
15 weeks post-TI

Cortical lesion volume;
NeuN

Cortical lesion volum
IL-1R1; IL1-16; GFAP;
Vimentin; ZnT3; NeuN;
1BAT; SRS

GFAP; S100B; IBAT;
NeuN; MT-1 and MT-2

GABA potential;

TGF-B2; Neul; GFAP

Neuronal loss and
degeneration; FUB;
PEPSP

» Cortical contusion and
cortical and
hippocampal neuronal
cellloss: 2 weeks

 Tissue deformation and
volumetric loss:

6 months

© ZnT3: 2 weeks and
3 months.

o IL-1p: 2-12 hand
114 days

«IL-1R1 and Vimentin:
1y

» GFAP: 1 day, 14 days,
and 6 months.

« SRS: 4-5 months

« Gliosis, S1008, IBA1
and MTT: 8 days

' GFAP and S100p:

14 days

« Reversal potential of
GABA curtents:
3days

«NKCC1and TGFp: 3h,
1,3,and 7 days

« Giosis; 3 days

Gl loss: 2-27 weeks

« Newrodegeneration:
1-6 days and 2 and
8 wecks

 MFS: 15 weeks

« DG excitabilty:
2-3weeks and
14-15 weeks

Cortex; Hippocampus.

Cortex; Hippocampus;
Corpus Callosum;
Serum

Hippocampus

Cortex; Hippocampus;
Cortical Brain Sices.

Somatosensory cortex;

Hippocampus; Brain
Sices

» Increased cortical contusion and
volume

 Neuronal depletion in parietal cortex
and hippocampus

« Abnormal hippocampal MFS at
lesion epicenter

« Robust hippocampal glosis

« Long-term struotural reorganization
inDG

o IL-1RAL-1 mediated
post-traumatic alterations in
network excitabilty

« Cortical tissue loss

« Increased neurobehavioral
impaiment due to increased gliosis
and metallothionein levels

« Greater neurological njury after
enhanced astrocylic release of MTT

« Increased seizure susceptibilty
associated with greater glial
‘activation and cylokine response

« Astrocytic TGFp involved in
neuronal upregulation of NKCG1

« Increased early PTS through
NKCC1 mediated hyperexcitabilty

« Increased seizure severity by TGFp.
mediated NKCC1 expression

« Gross cel loss and
neurodegeneration in hippocampal
GAB over time.

« Atrophy of ipsiateral hilus and
reproducible damage to
somatosensory cortex

« Long-term persistent DG
hyperexcitabiity

Baoetal., 2011

Semple et al.,
2017

Chrzaszcz
etal, 2010

Wang etal.,
2017
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« Increased spread of depolarization
‘evoked by perforant-path

stimuation in sices
« Bilateral development of MFS with  Golarai ot al.,
uniateral oss of biaterally 2001
projecting hilar neurons

Controlled Mice, 28-35g, Cortical compression at ~ Glutamate « MFS and EPSC: Hippocampus; Brain  Increased DG excitatory input Hunt et .
Cortical Impact ~ CD-1 1mmdepthat3.5ms  stimulationEPSC; 812 weeks Slices  Evoked synaptic connections 2010

velocity and 400 ms MFS; Dentate granule  » SRS: 6-10 weeks between grande cels with MFS in

duration el excitation; SRS slices
Controlled Mice, Gortical compression at  Cortical degeneration e Cortical degeneration:  Somatosensory cortex; s Somatosensory cortex Pietetal.,
Cortical Impact  12-14 weeks, O5mmdepthatSm/s  and lesion; MMP-9; 1,7,14,a030days  Hippocampus degeneration and long-term motor 2018
with/without PTZ  C57BL/6J veloity and 100 ms Epileptiform activiy » Cortica lesion: function

duration; 30 mg/kg PTZ 14 weeks © MMP-9 mediated structural

(ip) 16 weeks post-TBI « MMP-9: 10-60 min, changes and increased seizure

2-6h, 1-30 days susceptibilty over time
« Epileptiform actity: « MMP-9 dependent increased lesion
12 weeks volume

Fluid Percussion  Mice, 23-28 g, 12-16 ms pressure Cortical lesion; « Cortical lesion, Cortex; Hippocampus » Giial scarring and robust glial Mukherjoe
Injury with PTZ  C57BU/6J puiseof 1.5-1.7atm;  Neurodegeneration; neurodegeneration, response early after injury etal, 2013

30 mg/kg PTZ (i) GFAP; IBAT giosis: 1,3,7, and « Increased neurodegeneration

30 days post-TBI 30 days. ‘associated with increased giosis

« Persistent necrosis n the region
surrounding the impact zone

Controlled Mice, 25-30 g, Cortical compression at  MFS; EPSP; SRS ©MFS:7and42-71days  Hippocampus; Brain e Axonal reorganization at earlyand  Hunt et al.,
Cortical Impact ~ CD-1 0.5-1 mm depth at + DG excitabilty and Slices. later stages of injury proximal to the 2009

3.5 Vs velocity and SRS: 42-71 days lesion

400 ms duration « Spontaneous epileptiform activity in

slies with robust MFS.

« Interval-specific changes in
paired-puise ratio associated with
MFS

« Unprovoked seizures due to
injury-induced structural changes

Weight Drop Mice, 8 weeks, 50 g weight cropped  Thrombin; IL-1;  Thrombin; IL-18; TNFe;.  Hippocampus  Enhanced thrombin actvity related  Ben Shimon
with/without C57BUBY from 80 cm height; TNF-a; HPRT, Factor X HPRT; Factor X: 24 h 10PTS etal, 2020
Pilocarpine 250-350 mgrkg « Increased inflammatory markers,

pilocarpine (ip) 24 h HPRT and Factor X, corrlated with

post-TBI seizure severity

SRS, spontaneous recurrent seizures; MFS, mossy fiber sprouting; PTS, post-traumatic seizures; ECS, extracellular space. * Only the time-points of biomarkers with increased activity after TBI are described in the table.
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Treatment

Is01

Baicalein

Ceftriaxone

Creatinine.

Ketogenic diet

Model

Lateral Fivid
Porcussion Injury

FeClg-induced
injury

Lateral Fluid
Percussion Injury

Fluid Percussion
Injury with PTZ

Fluid Percussion
Injury with
Furothykinduced
seizures

strain

Mice, 8 weeks,
Cs7BUG)

Male, 18-22 g,
Cs7BUG)

Rat,
8-9 weeks,
Long-Evans

Rat,
250-300,
Wistar

Rat, 8 weeks,
Sprague

Dosage regimen

10 mglkg ip) (single
dose), 30 min
post-injury

50 and 100 mg/kg ()
(single dose), 30 min
prior to njury

200 mokg () for
7 days (once daily),
30 min post-TBI

300 mg/kg (oral) for
3-7 days (once daly),
30 min post-TBI

Bio-Serv F3666 diet for
9 weeks, started
3 weeks prior to TBI

Targets/suggested
mechanism of action

+ Macrophage migration
inhibitory factor (MIF) antagonist

« Inhibits MIF binding to CD74
and prevents s cleavage and
activation

« Inhibits TNFa and reduces
giosis

« Positive allosteric modulator of
GABA, receptor

« Inhibitor of CYP2C9 and proiyl
endopeptidase

o Inhibits ipoxygenases

 Third-generation cephalosporin
antibiotic, also anti-microbialin
nature

« Inhibits mucopeptice synthesis
i bacterial cell wall by binding
to carboxypeptidases,
endopeptidases, and
transpeplidases.

« Neuroprotective,
antiinflammtory and
cardioprotective actions

« Inhibits JAK/STAT1 signal
transmission by infibiting
interaction of IFNy receptors
with JAK2

« Highfat low carbohydrate diet,
effective against drug-resistant
eplepsy

« Generates ketone bodies-
which has anti-conwlsive
properties

« Increases GABA, NPY,
adenosine and reduces
glutamate

Region/Tissue
analyzed
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Therapeutic agent

GENE THERAPY

LV encoding potassium
channel Kv1.1

AAV encoding
potassium channel
Kv1.1

AAV encoding small
quide RNAS for Kv1.1
upregulation

AAV1/2 encoding NPY

AAV encoding NPY

AAV1/2 encoding NPY
and Y2

AAV1/2 encoding NPY

AAV1 encoding NPY
and Y2

AAV2 encoding GDNF

AAV9 encoding
miR-ADK

AAVS encoding
preprosomatostatin

AAV8 encoding GADE7

AAV2 encoding galanin

CELL THERAPY
Nervous system cells

Intravenous infusion of
neurospheres

Transplantation of
medial ganglionic
eminence-derived
neural stem cel grafts

GABAergic interneuron
precursors from the
medial ganglionic
eminence

Human iPSCs-derived
medial ganglionic
eminence cells

Model

Rat model of tetanus toxin-
induced epilepsy

Rat model of kainic
acid-induced status epilepticus

Mouse model of kainic
acid-induced status epilepticus

Rat model of kainate-induced
seizures.

Rat model of kainate-induced
seizures

Rat model of kainate-induced
seizures

Rat model of genetic
generalized epilepsy

Rat model of kainate-induced
seizures
Rat model of kindling-induced
epiepsy

Rat model of kainate-induced
seizures

Rat model of kindling-induced
eplepsy

The EL/Suz mouse model of
eplepsy

Rat model of kainate-induced
seizures

Rat model of
pilocarpine-induced status
epllepticus

Rat model of kainic
acid-induced status epilepticus

Kv1.1 mutant mice

Mouse model of
pilocarpine-induced status
epilepticus

Dose and duration

Single injection of 1-1.5 mL of LV
[2.6 x 109 viral genomes (vg/mL)]
into layer 5 of the right motor cortex
Single injection of 8.0 pl of AAV
(8.3 x 10™ vg/mL) into dorsal and
ventral hippocampus

Single injection of 300 nL of AAVY
(8 x 102 vg/ml) into right ventral
hippocampus

Single injection of 2 l of AAV2
(102 vg/ml) into dorsal
hippocampus

Single injection of 10 L of AAV

(5 x 10'" vg/mL) into the right
lateral ventricle

Single injection of 1 l of AAV-NPY
(10" vg/mL) and 1.5 I of AAV-Y2
(102 vg/mL) into dorsal and ventral
hippocampus

Single injection of 3 ul of AAV

(6.6 x 102 vg/ml) into thalamus
and 1 plinto SC

Single injection of 3 L of AAV
(102 vg/mL) into hippocampus
Single injection of 1 and 2 ul of
virus (2.1 x 10"2 vg/mL) into dorsal
and ventral hippocampus

Single injection of 3 L of AAV
(9.48 x 10" vg/mL) vector infused
into hippocampus

Single injection of 2 L of AAV
(4.19 x 10'3 vg/mL) into the left
and right CA1 region and dentate
gyrus

Single injection of 3 L of AAV

(1 x 10" vg/mL) bilaterally into the
CA3 region of hippocampus

Single injection of 2 l of AAY

(8 x 10"2 vg/mL) into the piriform
cortex

Single intravenous injection of
2 x 10° cells

Single transplantation of 4 grafts of
80,000 cells in each side of the
hippocampus (640,000 cells/rat)

Bilateral transplantation into the
deep layers of the cortex at two
different sites on the hemisphere
(4 x 10° cells/mouse)
Transplantation of cells in the
hippocampus (3 x 10°
cells/mouse)

Therapy results

Decrease in the frequency of
seizures over several weeks

Decrease in the frequency and
duration of seizures

Decrease in the frequency of
spontaneous generalized seizures

Decrease in the frequency of
kainate-induced seizures

Decrease in the frequency of
kainate-induced seizures

Decrease in the frequency of
kainate-induced seizures

Decrease in the frequency and
duration of seizures in the
thalamus, decrease in the
frequency of seizures in the SC
Decrease in the frequency of
seizures

Decrease in the frequency of
seizures, increase in seizure
induction threshold

Decrease in the frequency of
seizures, protection of dentate hilar
neurons

Development of seizure resistance
in 50% of animals

Significant reduction in seizure
generation

Prevention of kainic acid-induced
seizures.

Decrease in the oxidative stress
damage

Suppression of spontaneous
recurrent motor seizures, an
increase in the number of
GABAergic neurons, restoration of
GDNF expression. No improvement
in cognitive function

Decrease in the duration and
frequency of spontaneous
electrographic seizures

Suppression of seizures,
aggressiveness, hyperactiviy,
improvement of cognitive function

References

Wykes et al., 2012

Snowhball et al.,
2019

Colasante et al.,
2020

Gotzsche et al.,
2012

Dong et al,, 2013;
Zhang et al., 2013

Ledri et al., 2016

Powell et al., 2018

Melin et al., 2019

Kanter-Schiifke
etal., 2007

Young et al., 2014

Natarajan et al.,
2017

Shimazaki et al.,
2019

McCown, 2006

de Gois da Siva
etal., 2018

Waldau et al., 2010

Baraban et al.,
2009

Cunningham et al.,
2014
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Human iPSCs-derived
medial ganglionic
eminence cells

MsCs
Undifferentiated
autologous bone
marrow-derived MSCs
(in combination with
anti-epileptic drugs)
Adipose derived
regenerative cells

Bone marrow-derived
CD271* MSCs and
bone marrow MSCs

Bone marrow-derived
MSCs

Bone marrow-derived
MSCs

Bone marrow-derived
MSCs

Neural-induced
adipose-derived stem
cells

Umbilical cord blood
MSCs

Umbilical cord blood
MSCs

Exosomes
MSC-derived
exosomes

MSC-derived
Al-exosomes

Rat model of kainic
acid-induced status epilepticus

Patients with epilepsy

Patients with autoimmune
refractory epilepsy

Pediatric patients with
drug-resistant epilepsy

Rat model of pilocarpine-
induced status epilepticus

Rat model of
lithium-pilocarpine- induced
epilepsy

Rat model of
pilocarpine-induced status
epilepticus

Rat model of kainic
acid-induced status epilepticus

Rat model of
pentylenetetrazole-induced
chronic epilepsy

Rat model of lithium-pilocarpine
induced status epilepticus

Mouse model of
pilocarpine-induced status
epilepticus

Mouse model of
pilocarpine-induced status
epilepticus

Single transplantation of 3 grafts of
100,000 cells in each side of the
hippocampus (600,000 cells/rat)

Single intravenous injection of
1-15 x 10° cells/kg and single
intrathecal injection of

1 x 108 cells/kg after 5-7 days

Intrathecal injection of 4 ml of
stromal fraction, 3 times every
3 months

Combination therapy consisting of
single intrathecal (0.5 x 10°) and
intravenous

(0.38 x 10°-1.72 x 10%) injections
of bone marrow-derived CD271+
MSC and four intrathecal injections
of bone marrow MSC

(185 x 108-40 x 10%) every

3 months

Single intravenous injection of

3 x 108 cells/rat

Single intravenous injection of
108 cells/rat

Single injection of 100,000 cells in
each side of the hippocampus
(200,000 cells/rat) or single
intravenous injection of 3 x 108
cells/rat

Single transplantation into the
hippocampus (50,000 cells/rat)

Single intravenous injection (108
cells/rat)

Single transplantation into the
hippocampus (5 x 10° cells/rat)

Single intraventricular injection
@0 o)

Two intranasal administrations after
18h (15 pg)

Relief of spontaneous recurrent
seizures, improvement of cognitive
function and memory, reduction in
the loss of interneurons

No serious side effects. Reduction
in frequency or complete stop of
seizures, improvement of clinical
manifestations

Complete remission in 1 of 6
patients (within 3 years), mild and
short-term reduction in seizure (3 of
6 patients). Improvement in
patients’ dally functioning. No
further regression was observed for
3 years

Neurological and cognitive
improvement, decrease in the
frequency of seizures

Decrease in the frequency of
seizures, increase in the number of
neurons

Inhibition of epileptogenesis and
improvement of cognitive functions

Reduction of oxidative stress in the
hippocampus, decrease in the
levels of inflammatory cytokines
(TNF-a and IL-18) and an apoptotic
marker (caspase 3). Improvement
of neurochernical and pathological
changes in the brain

Decrease in seizure activity,
recovery of memory and learning
ability

Decrease in the severity of seizures
and oxidative stress damage,
improved motor coordination and
cognitive function

Partial restoration of glucose
metabolism in the hippocampus,
seizure frequency did ot differ from
the control group

Reduction in the intensity of
manifestation of reactive
astrogliosis and inflammatory
response, improvement in cogritive
functions and memory
Reduction in the loss of
glutamatergic and GABAergic
neurons, reduction in the
inflammation, support of normal
hippocampal neurogenesis,
cognitive function, and memory

Upadhya et al.,
2019

Hiebokazov et al.,
2017; Hlebokazov
etal., 2021
NCT02497443

Szczepanik et al.,
2020
NCTO03676569

Milczarek et al.,
2018

Abdanipour et al.,
2011

Fukumura et al.,
2018

Salem et al., 2018

Wang et al., 2021

Mohammed et al.,
2014

Park et al,, 2015

Xian et al., 2019

Long etal.,, 2017
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Epilepsy

Interleukin 4 (IL-4) related
mechanism

Glial cell targets

Epilepsy related outcome

Research moadel

FS
Partial seizure
TLE

Intractable epllepsy

IL-4 polymorphisms
IL-4 increase
IL-13 increase

IL-4 increase;
L1 increase

HMGB1-mediated pathway
IL-4 increase

M2 polarization of
Microglia/macrophages:
M inhibition

M1, M2
M1 inhibition

Astrogliosis, microgliosis
Astrocytic hypertrophy and
prolfferation

Reduced frequency, duration, and
severity of spontaneous epilepsy
Reduce frequency, duration,

and severlty of spontaneous
Recurrent seizures; improve
Cognitive dysfunction

Inhibited the mitogenic effect of
TNF on astrocytes

Human
Human
KA-induced mice

Lithium-pilocarpine induced rats

Human
KA-induced mice
Pllocarpine-induced mice

Pllocarpine-induced Wistar rats
Non-neoplastic human
astrocytes
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Mononuclear cells

Bone marrow
mononuclear cells

Patients with temporal lobe
eplepsy

Bone marrow
mononuclear cells

Rat model of lithium-pilocarpine
induced status epilepticus

Bone marrow
mononuclear cells

Mouse model of pilocarpine-
induced status epilepticus

Encapsulated cell biodelivery
Semipermeable
capsule containing
GDNF-secreting
ARPE-19 cells (arising
retinal pigment epithelia
cells)

Semipermeable
capsule containing
GDNF-secreting cells

Rat model of pilocarpine-
induced status epilepticus

Rat model of kindling-induced
epilepsy

Semipermeable
capsule containing
galanin-secreting
ARPE-19 cells
Semipermeable
capsule containing
BDNF-secreting
ARPE-19 cells
Semipermeable
capsule containing
BDNF-secreting baby
hamster kidney cells

Rat model of kindling-induced
eplepsy

Rat model of pilocarpine-
induced status epilepticus

Rat model of pilocarpine-
induced status epilepticus

Single intra-arterial injection
(1.52-10 x 108 cels/patient)

Single intravenous injection
(1 x 108 celis/rat)

Single intravenous injection
(2 x 108 cells/mouse)

Transplantation in the hippocampus
(6 x 10% cells/capsule). GDNF
concentration up to

566.79 + 192.47 ng/24 h

Transplantation in the
hippocampus. High GDNF
concentration —

150.92 & 44.51 ng/ml/24 h, low
cconcentration —

0.04 % 0.88 ng/ml/24 h
Transplantation in the hippocampus
(6 x 10% cells/capsule) High galanin
concentration — 12.6 ng/mi/24 h,
low concentration - 8.3 ng/mi/24 h
Transplantation in the hippocampus
(6 x 10* cells/capsule). BDNF
concentration ~ 200-400 ng/24 h

Transplantation in the hippocampus
(108 cells/capsule) BONF
concentration - 7.2 1.2 ng/24 h

Decrease in the number of seizures,
increase in average memory
indicators. Complete
disappearance of seizures in 40%
of patients

Prevention of spontaneous
recurrent seizures in the early stage
of epilepsy, a significant reduction in
the frequency and duration of
seizures in the chronic phase
Neuroprotective and
anti-inflammatory effects, decrease
in the loss of hippocampal neurons

Decrease in the frequency of
seizures, cognitive function
improvement, neuroprotective
effect

Low GDNF levels have an
antiepileptic effect compared to
elevated lovels

High doses decrease the duration
of focal seizures

Decrease in the frequency of
seizures. Cognitive function
improvement

Injection of low doses had a
neuroprotective effect and
stimulated neurogenesis

DaCosta et al.,
2018
NCT00916266

Costa-Ferro et al.,
2010

Leal et al., 2014

Paclone et al.,
2019

Kanter-Schiifke
et al., 2009

Nikitidou et al.,
2014

Falcicchia et al.,
2018

Kuramoto et al.,
2011
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Time points

Average spectral power of ripples

Peak spectral power of ripples

PILO CBX + PILO PILO CBX + PILO

1 day before SE 97.75 + 39.83* 86.99 + 27.98* 139.73 + 62.89* 121.37 4+ 37.28*
1 day after SE 108.06 & 41.1 79.14 + 54.16* 195.2 £+ 69.96" 107.62 + 55.37%#
7 days after SE 112.23 4+ 66.33 71.16 + 32.95 206.14 £+ 129.92 98.51 + 68.74
14 days after SE 102.53 4 61.59 75.66 + 49.9¢ 161.56 &+ 92.73 116.69 £ 77.09
28 days after SE 94.85 + 50.5 76.03 + 40.89% 167.44 £ 7747~ 105.61 £ 41.4%
F 0.141 0.128 0.636 0.189

P 0.965 0.971 0.641 0.942

8p < 0.05 compared to the PILO group at the same time.

*Eliminated a bad value at this time point.
#Eliminated two bad values at this time point.
RLs, responsibility leads; PILO, pilocarpine; CBX, carbenoxolone; SE, status epilepticus.
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Peak spectral power of FRs

Time points Average spectral power of FRs

PILO CBX + PILO PILO CBX + PILO
1 day before SE 29.64 + 6.75 3219 +£9.14 55.81 + 16.67 58.08 + 26.48
1 day after SE 5219 + 9.19P 24744 4.836% 93.15 4 44.93° 45.43 + 20.85%*
7 days after SE 51.93 + 5.99° 25.27 + 6.05%* 90.44 + 20.28* 40.1 £24.122
14 days after SE 34154627 25.85 + 4.022 67.6 £+ 231 38.4 + 10.592
28 days after SE 31.05 + 3.85 2544+ 7.31 51.26 + 1548 37.24 + 18.25
F 28.27 1.309 4.127 1.461
P <0.001 0.286 <0.05 0.236

8p < 0.05 compared to PILO group at the same time.
bp < 0.05 compared to 1 day before SE in the same group.

*Eliminated a bad value at this time point.
#Fliminated two bad values at this time point.

FRs, fast ripples; RLs, responsibility leads; PILO, pilocarpine; CBX, carbenoxolone; SE, status epilepticus.
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Injection into the thalamus
Intrathecal % /112 encoding NPY

injection — _
Intranasal administration

m-' e MSC-derived A1-exosomes

Intra-arterial injection
e Bone marrow mononuclear cells






OPS/images/fnmol-15-1064121/crossmark.jpg
(®) Check for updates





OPS/images/fnmol-15-954167/fnmol-15-954167-g002.jpg
il RS e wﬁ .
v o et W
| .++_. ' 8 TT_ﬁ I.___T ........TT_...

*okok

v - ~ o o W. 2 w ..m w “w o 2 = 3 o
(SW)MPIA-JICH (Aw)proysaayy (vd)spmypdury (sur)owum Aeda(y
e e0o Tm 'ft-o '» ° o.fT - o _IT
" 9 r wee ooo‘+To % ° ° o ® OQQTT

= e _
o o0 2] o & L) - * ° ..T+IT.

I E R IR L
zp)iouonborg gv  (vd)epmndmy gv (zE)Aduanbaxg  (sur)o, 06-0 i Isny

O . W
m =
s |S
e 7 TR ﬂn
o
- -
HEIB "
- n M-Am
.m. I
e |
[ouo) 7Z0S  7ZOS-uou
m

.,.r:;..
..4.,-
» zetss S

i L R &)
. ‘ .
a'.... . u’. . .aIJI . .
.(.-F-'f-. v l
- ‘..
, ..c f

> -
§

Pyramidal Neuron
non-SOZ

Control
SOZ






OPS/images/fnmol-15-974784/fnmol-15-974784-g008.jpg
A B C
SOM-IR - AAV-GFP AAV-TelLC (-sz) : AAV-TelC (+sz)

. -
- e

s 1 CA1 | TR T

m

0.20+

SOM-IR - AAV-GEP AAV-Fel.C (+s2)

0.154

0.10+

0.05+

0.00

SOM-IR (mean ROD + SEM)

GFP TelLC (-sz) TeLC (+s2z)





OPS/images/fnmol-15-974784/fnmol-15-974784-g009.jpg
AAV-GFP AAV-TelLC
CA1

CA3
= |+ A
n
+ L —
0 04'
O B l sEC
oC i i
5 1.
D
g
oC 0.2 Sub deC
5 * *
O O | | | | | | i H | | | | | | | | | | | | H i | | | |
« « s ;
C§<Q O\Q‘b 0(,\&(0' CQQQQQ(O 0(,\\{0' (§<Q O\Q% O(,\\{b' (§<QOQ6 0\3(0’ ng O\Q"o O{,\\{b'
O O O O O
e O e O & O e~ O e~ O
<O S < S <@ S <@ S <@





OPS/images/fnmol-15-954167/cross.jpg
@ Check for updates.





OPS/images/fnmol-15-954167/fnmol-15-954167-g001.jpg
Pre-surgery Post-su rgery

: 1 Control mia s SFCD
: .. .:' 1
‘. ;' .“ .. : ’ .1

: A R -~

‘: g-; - \MMWAN—WM\ .\'\v‘n e i i wm . - > "
B B e e WiN d M'\.m.._,uv\_.._

A89 M VA A AR A A A e St ) "k O\ s ~ ~ a
A 09.]10 AN AN ARG S DA e Nt SORBPRPR S R | ":l\L_‘ A —— L N £2 \ ' X EY
A 10-1 1A s A e A Y @ 1 e o R ¥
..\ll IW\MWWWW**L abi nd s o PSS A WA M SN | NN T . » . ‘\‘,. -
B1a" — e B , |
B2.3 imw \ R A ' -
B3-4 = N R ".;_(* PRS e
B-‘-S : s Y L/ 4 ' s »
Bs-6 } pr kit 502 Griiile
B6-7 3 X ~ »
B7-8 : RS > ' !
38-9 b-l S 3 .' . A ;' o -
ggbl(l)l ' 13 R R N e T ) e Iy s i f
B11-12 ii A Syt : :
B12-13 R .

lm_\'l 1.5mV |
1s





OPS/images/fnmol-15-974784/fnmol-15-974784-g004.jpg
' L
. .
\ ko ‘
y l’ 4"

AAV-GFP (-sz) AAV-TelC (-sz)

* * %k %

E * F * % *

— . * % " * % %
= 3:12 = 0.3 %
g5 35
2= B ® g SE
O > )
QN J_E_ 2 + 0.29 o
(?) x| @ o N
€0 o o o 8 Eg

O k=
L& ; e :}. x € 011 otote ofecfee
v ol = - > 2
S § : ;2

e D = 0.0

GFP (-sz) TelLC (-sz) TelLC (+sz) TelLC (+sz) GFP (-sz) TelLC (-sz) TeLC (+s2) TeLC'(+sz)





OPS/images/fnmol-15-974784/fnmol-15-974784-g005.jpg
AAV-GFP ~ AAV-TelC
0sz 0sz

)

10- » ®

NPY-IR in subiculum
(mean ROD + SEM, a.u.
&

L]

#1050 #3422 0
Days since last seizure

4
w
]

AAereicy ™ _ W AAVETRIC
Sezligdy 17 sz/2d

=

N
1
a8

(mean ROD + SEM)
o

NPY-IR in mossy fibers

o

o
(<)
d-
(=)
N
(=)
W
o
&
(=)

' 500um : ;
#1088 #1062 — Days since last seizure





OPS/images/fnmol-15-974784/fnmol-15-974784-g006.jpg
D
0.57 P =0.0363
*
< 0.4-
Z
m ®
€ 0.3-
P ol
Z 02 e
8 -$'- ,
01 e X ¢
' [ ]
K\ 0.0 T T T T

GFP TelLC GFP TelLC
Superficial Deep

AAV-GEP  AAV-TelC  AAV-TelC
+S2 +SZ





OPS/images/fnmol-15-974784/fnmol-15-974784-g007.jpg
A

Control: PTZ

baseline

Control: PTZ + JNJ
st

AAV-TelLC: PTZ

AAV-TelC: PTZ + JNJ

//

/]

//

10s |05mV

No of PTZ-induced

seizures

e PTZ PTZ:
5 30 mg/kg 40 mg/kg
4 =~ o+
3 -~
2 - *0* 000+
i TIT+ —_
0 -

) BeB .Q«/\/ ) 5$5 . Beb .Q«/‘/ ) Be‘)
& ',\0\9' ' ?/\'\’ LV ,/\Q)\,O' &





OPS/images/fnmol-15-974784/fnmol-15-974784-g003.jpg
AAV-GFP

#1052

AAV-GFP

#1052

AAV-GFP

Subiculum
B

AAV-TeLC
(no sz)

#3425
F
AAV-TelLC
5 (s2)

#1088

J
AAV-TelLC
S(SZ)

AAV-TeLC
(s2)

#1088

AAV-GFP

#1052

Subiculum
K
AAV-GFP

Dentate gyrus

D

AAV-TeLC
(late sz) P

#1062
H

AAV-TelLC
(late sz)

~

#1062

AAV-TeLC
(s2)

e
e

500pm

300um

200um





OPS/images/fnmol-14-797253/fnmol-14-797253-t001.jpg
Factors

Mechanisms

References

NMDAR Ketamine
antagonists

Memantine

Allosteric
modulators

Amino acids Glutamate

Glycine

D-serine

Cysteine/Homocysteine
(HCY)

Magnesium (Mg)

The EphB-NMDAR
interaction

Epigenomics

Proteins and SPARCL-1

signaling pathways

SPDI

POSH
Nwd1
TMEM25

DAPK1

PDI

CyclinB/CDK1

NSPA

SULT4A1

PCDH7

Leptin

P2X2 and P2X4

NRG1-ErbB4
signaling

ERKA1/2 signals

Cholinergic signals

Redox modulation

p-hydroxybutyrate
and acetone

Ketamine inhibited the expression of NMDAR and increased
the sensitivity of neurons to excitotoxicity. Ketarmine use in
the treatment of RSE and SRSE

GRIN2A missense mtation retained sensitivity to
memantine, and memantine test reslts showed a
significant reduction in seizure frequency. The patients with
GRIN2B mutation-related encephalopathy treated with
memantine had improved consciousness, behavior and
sleep, bt none showed a reduction in seizure frequency.
The latter epilepsy patients might respond to positive
allosteric modulators of the NMDARS

NMDAR is one of the excitatory receptors that glutamate
acts on directly and may lead to diseases siich as epilepsy,
stroke, AD, and PD.

Glycine binds to glycine binding sites on NMDAR to
reguiate the function of NMDAR.

D-serine regulates NMDAR by binding to the receptor's
glycine binding site. The expression of D-serine and
NMDAR was significantly increased in patients with
intractable epilepsy. The expression of D-serine depends on
the regulation of SR and DAAC.

Redox modulation of cysteine residues is one of the
post-translational modifications of NMDAR. HCY activates
GIUN2 subunit-dependent redox regulation of NMDAR by
the reduction of NMDAR disufide.

NMDAR channel s blocked by Mg2* at neuronal resting
membrane potential, and Mg?* Is removed when the
membrane is depolarized. Magnesium sulfate can inhibit
glutamatergic signaling, thereby altering Ca2* influx, leading
to reduced excitotoxicity. TLE cell model is often established
by magnesium-free extracellular fluid. Transient cuiture of
hippocampal neurons in magnesium-free induices rhythrmic
and synchronous eplleptiform-ike activity.

In epilepsy, the interaction of NMDAR-EphB2 was found in
anti-NMDAR encephaitis.

DNMT8AT is controlled by activated NMDAR and the
expression of NMDAR is also mediated by epigenorrics. In
epllepsy, GAIN2B DNA methylation levels were increased
and BONF DNA methylation levels were decreased, which
leading to decreased mRNA and protein expression of
GIUN2B and increased mANA and protein expression of
BDNF. Suppressive DNMT can increase excitatory
postsynaptic potential In hippocampal slices of eplleptic
rats. Increased TBR1 expression in AF9 mutants is
associated with increased expression of GIUN{ subunit
which is regulated by TBRY.

SPARCLA localizes to excitatory synapses after SE;
SPARCLA s involved In synaptic modifications underlying
epileptogenesis and remodeling events associated with
neuronal degeneration following neural njury.

SPDI knockdown inhibit seizure activity by
nitrososylation-independent thiolation on NMDAR in acute
and chronic epileptic model.

POSH s involved in epilepsy by increasing surface NMDAR
expression.

Inhibition of Nwit activty can redlice the hyperexcitabllity
and GIUN2B phosphorylation of hippocampal neurons.
TMEM25 modulates the degradation of GIUNZE subunits
and neuronal excitabilty.

DAPK1 interacts with NMDAR and involves in
glutamate-induiced neurological events, such as stroke.
Inhibiting DAPKA can lead to phosphorylation and strface
normalization of GIUN2B expression outside the synapse.
PDI binds to NMDAR in chrornic epileptic rats and increases
the mercaptan content on recombinant GIuN{. PDI can
catalyze disulfide bond formation, reduction, and
isomerization.

CyclinB/CDKA mediates NMDAR phosphorytation and
regulates calcium kinetics and mitosis.

NSPA regulates the postsynaptic stability of NMDAR by
ubiquitination of tyrosine phosphatase PTPMEG.

SULT4A1 promotes the formation of PSD-95/NMDAR
complex to modiate synaptic development and function.
PCDHT interacts with GIUN1 subunit to regulate the
dendritic spine morphology and synaptic function.

Leptin resists to glutamate-induced excitotoxicity in

HT22 hippocampal neurons and leptin also increases
postsynaptic NMDAR currents to sensitize NTS neurons to
vagal input

Both P2X2 and P2X4 interact with NMDAR in an inhibitory
mariner.

NRG1-ErbB4 signaling inhibits phosphorylation of GiuN2B
at position 1472 by Src kinase. NRG1-ErbB4 signaling may
act as a homeostasis regulator, which can protect the brain
from the seizure-lie activity aggravation.

COL2 rapidly enhances NMDA-induced neronal electrical
currents through the ERK-GIUn28 pathway.

CXCRT requiates GIUN2A expression by activating ERK1/2,
thereby modulating NMDAR-mediated synaptic
neurotransmission in hippocampal granulosa cells. lcaritin
(ICT) has a neLroprotective effect on glutamate-induced
neuronal damage and its mechanism may be associated
with inactivating GIUN2B-contairing NMDAR by
ERK/DAPK{ pathway.

ACh potentiates NMDARS through muscarinic receptors in
GA neurons of the hippocampus. Nicotinic a7-nACHR is
enriched in the glutamate network synapses in the
dorsolateral PFC (dIPFC) and s required for NMDAR action.
Gysteine, HCY and PDI are involved in redox modulation of
NMDAR. HzS blocks the enhancement of neronal
excitabilty in the early hippocampal network by inhibiting
voltage-gated sodium channels and NMDARS.

The inhibitory effect of p-hydroxybutyrate and acetone in
NMDARS may be the basis for the therapeutic benefits of
ketogenic diet in epilepsy.
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MicroRNAs Mechanisms References

MicroRNA-219, MicroRNA-219 has a regulatory effect on NMDAR in the amygdala and Zheng et al. (2016), Hamamoto et al. (2020, and Hu
MicroRNA-219a-2 hippocampus of patients with mesial TLE microRNA-219 protects against etal. (2020)

seizure in the KA-induced epilepsy model. MicroRNA-219a-2 can reduce

calcium overload and apoptosis by HIF1o/NMDAR pathway.

microRNA-139-5P MicroRNA-139-5P has a negative regulatory effect on GIUNZA-NMDAR in Alsharafi et al. (2016)
pilocarpine-induced epilepsy model and TLE patients.

MicroRNA-34c MicroRNA-34c plays a negative role In epileptic seizure cognitive function, by Huang et al. (2018)
regulating NMDARs and AMPARs associated with LTP.

microRNA-15a-5p Both in hippocampal tissues of SE rats and low Mg-induced hippocarmpal Liu et al. (2020)

neurons, propofol can inhibit apoptosis of hippocampal neurons by
microRNA-15a-5p/GIUN2B/ERK1/2 pathway

MicroRNA-124. MicroRNA-124 suppresses seizure and regulates CREB1 activity. Inhibition of Wang et al. (2016)
neuronal firing by microRNA-124 is associated with the suppression of AMPAR-
and NMDAR-mediated currents, accompanied by decreased expression of

NMDAR
MicroRNA-211, microRNA-211 or microRNA-128 transgenic mice displayed seizures. Feng et al. (2020)
microRNA-128
MicroRNA-223 MicroRNA-223 regulates the expression of GIUN2B subunit, plays a therapeutic Harraz et al. (2012)

ole in stroke and other excitotoxic neuronal disorders.
MicroRNA-132, MicroRNA-132 and microRNA-107 could involve in NMDAR signaling by Zhang et al. (2015)
microRNA-107 influencing the expression of pathway genes or the signaling transmission.
MicroRNA-19a, MicroRNA-19a and microRNA-539 can influence the levels of NMDARs subunits  Corbel et al. (2015)
microRNA-539 by targeting the mANAS encoding GIUN2A and GIUNZB subunits respectively.
MicroRNA-125, FMRP is an RNA-binding protein responsible for interacting with microRNA-125 Lin (2015)
microRNA-132 and microRNA-182 to regulate NMDAR, and consequently affecting synaptic

plasticity
MicroRNA-204 EphB2 is a direct target of microRNA-204 and microRNA-204 downregulates Mohammed et al. (2016)

EphB2 in hippocampal neurons. EphB2 regulates the surface expression of the
NMDAR GIuN{ subunit.

MicroRNA-182-5p MicroRNA-182-5p regulates nerve injury-induced nociceptive hypersensitivity by~ Zhou et al. (2017)
targeting EphB1 which interacts with the NMDAR






OPS/images/fnmol-15-863003/crossmark.jpg





OPS/images/fnmol-15-863003/fnmol-15-863003-g001.gif
LN

hM3Dq
)

| |

|

Increase protein phosphorylation and
activate Ca**-binding proteins

M

depolarization

|

Increase protein
phosphorylation

M

hyperpolarization





OPS/images/fnmol-14-797253/fnmol-14-797253-g001.gif
NMDAR antagonists: ketamine,
‘memantine.

Magnesium ion (Mg*)

Amino acids: glutamate, glycine,
D-Serine

‘The EphB-NMDAR interaction

Epigenomics

MicroRNAs

Influence of related proteins
and pathways on NMDAR

sisoydody

Anti-NMDAR encephalitis

Genetic Mutations of NMDAR

S R

NMDAR-inducted excitotoxicity

sojuueyIEg

(LI womsuvy
Amqeoutiod [eLIPUOYIONIN

(aWD wonezmqeouLnd
SueIquIdW [Bwososk] put ured[es)

il





OPS/images/fnmol-14-797253/fnmol-14-797253-g002.gif





OPS/images/fnmol-14-797253/fnmol-14-797253-g003.gif
Ca?

AA
Glutamate | A
i
Synaptic Extrasynaptic

NMDAR NMDAR

AID genes
Autophagy gene
Attenuating the activity of NMDAR






OPS/images/fnmol-14-797253/fnmol-14-797253-g004.gif
Pre-synaptic Neuron

o
EAAT ’

Synaptic plasticity/ excitotoxicity

Astrocyte Astrocyte

Post-synaptic Neuron

@ Glutamate @ D-serine @ Glutamine ' L-serine






OPS/images/fnmol-14-730811/fnmol-14-730811-g006.jpg
N
o
o

G-@-

m Nk
[ ]

F
30 — *kk 1.5—
*%k %k 10 CR‘50
= 5
g. Iﬂ. m Y,
I;' o e m Y,
O 20 00.0 - = 'g‘ 5 A m t
c 0,00 ot (14} = S, N
S ,’0.0 x i § i e r Un
0 ’:o’ ’::’ > =4 ' 5
(] ““00“:. £ S > t5h
— 6h

> 10 : £ 05 NP 4 .y,
= — O V.9 o (On [
(&) = o ‘
o (&) B totalDist= 11.71um
= R 2 effectDist = 9.40um
L * e —

=2 :

Mw .
0 | | 0 | | | -50 : "
> (€] \) N O N\
$ % S '
o U OQ-' C © (?'f) Position x [um]
G H

Effective Distance [um]

I
200 400 600 800 1000
Start distance from H [pm]

2:00 3:00





OPS/images/fnmol-14-797253/crossmark.jpg





OPS/images/back-cover.jpg
Frontiers in
Molecular Neuroscience

Leading research into the brain's molecular
structure, design and function

Part of the most cited neuroscience series, this
journal explores and identifies key molecules
underlying the structure, design and function of
the brain across alllevels.

Discover the latest
Research Topics

Frontiers

Avenue du Trbunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersinorg

Contactus

+41(0121 5101700
frontiersinora/about/contact






OPS/images/fnmol-15-870947/fnmol-15-870947-g003.jpg
A Baseline

Seizure
U-W.vh-,ir:.,\wuﬂ,rwwmwu.r.}hn,uw‘qf,l\p N,,\.\W.’WMq.vmfwll'njwﬁ',wv-.,«».mu'\‘,w'g.uu-hwﬁ.\,h,v‘md‘.fq W«wwmwa«nmﬁmwvl »AAMWMJMNWW,MWM' ‘,\J..Mwwmwﬁ,w.nwwwadlhﬁ‘ww'u\@ WWWWMM lMﬂwww
Artifact

LAAAARA A i i ahih 2o anAl Aok f A A A | Al '\ I | A ' A § 0 SAALAAAA AL g hh ke f i\ A LaAnd ' ' i Aned Andindded
LGS ) relit 4 FOVEFOYY L Y &} AABd B R LL] wy b | b At ¥ k) hAabAL L

250uV

50ms

B 1 day before SE

N 8 2N ¥ e N N8 2 N B 2 N
< = < =
9 > ) S > = o %
g 2 g ) S < S 2
on ) o (7] o [} (o ()
o = o - 2 Qo = & & =
w ik il o g w o = _ _L§s} g L A e 11 o g L~ 660 o 8
5 : 600 0 : 600 :
4 Time (ms) = Time (ms) Time (ms) Time (ms)
CBX+PILO CBX+PILO
Al s wymentlv-vietron <-‘-"io‘wv‘«-":‘ﬂ{},‘.‘{m\'iv‘ﬂv“n’{r‘.lv'»‘n"-‘w:\“n'«ﬂn'r\‘n'vJ'~-'~~'v‘\'-f-#-‘-wr\ A A A ot
N N N S D N S | &
PR “%i PR %£ \I/m’ F ¥ 2 o
— ~ = > S - <> - <>
8 % E % é ‘ () o é s
g ‘ _ S P < ‘ ‘ s = o 5 ' MY A ‘ & = -
O [0 O [0 O \‘ “ ' [0) O . ' Q
3 e 9 ] = 2 ? - IR 2 g - . TE
w8 ilc O w3 | o O w . A 2 o O L bl - o O
9 600 & 0 : 600 & 0 2 600 & ; 600 &
Time (ms) Time (ms) Time (ms) Time (ms)
Ly CBX+PILO
" 'Jlllllul‘ﬂlw*‘}ik‘[’kl.'ﬂ pddfiadyaridhesatoft '“"“'w‘"r'ww%‘i“lv‘l‘"\w‘ Aoandopdfbmandipi] Ll ‘“""ﬁ'""JI""ﬂ"Mlli"’""'"" o A,‘«w‘,“g,‘._\u.,,,lul,“,,‘,.,,,,,.‘ o ._“l bt f'. TV r— ,‘W\‘,
e = ’,3 T /,:‘\ —~ I o ’[:j\ S o ,l:I\
3'\:‘5 Bk E% 5{ £‘§ 8L ES' Ers
= e s . oy ~ o P - e ‘ S
> > > > > > o y & >
= ) S c) S B Q 2 S A E) S | 2
2 . P o ;B SREERN - | b\ § .
s s 2. s £z J AR PO ] L :
L | p | - |l ©
“0 . N g0 o 0 . g0 & 0 i g0 o 0 - 600 &
Time (ms) Time (ms) Time (ms) Time (ms)
PILO | CBX+PILO
/".W,i'w'.‘-*ﬁ--»f«u»‘-vvHr‘-‘W"V"‘“'”"“""allwr'l’».w'lwlli‘? Pt ‘ﬂ‘r"‘“‘fv’lil"'!'"l'r'{*v""“J"‘”"""Q"WII‘""‘Wr‘r«%".'u‘m'w*“**"'-'MM-M‘At""r*"**""\‘*Jrv‘hM‘qb\‘ﬁ*eW*
N N N N S D
i I l 2 % T < 2 % T Q 2 (% L 2 (%
&5 < < <5
> S B S > S > ‘ | S
(= | - - ™y = qc) = % =
| N q) N N f N
- 5 o T ' "‘ 5 3 i
o 2 o 2 o i ' 2 o o , : 2
w i ilc O w3 1o O w ) _— : i ilc O w S ¢ ’ : o O
0 . ’ 600 & 0 i 600 & 0 . 600 & i 600 &
Time (ms) Time (ms) Time (ms) Time (ms)
S ol 1© N — O 'oﬁ ~—~ O 'oﬁ ~~ o 'o’r\T
N N © [oN N S N N o | &
< < < <
9 = 9 = > > > =
g 25 e g =1 5 2
g - % [ =) - =) —
og [J) (o () (on | (] (on (J]
L = g S Qo = P = =
w S o O w 3 o O w i I O L Uil il O
=0 ; 600 & il . —= 60 &= ' . i 0 - 600 S
Time (ms) Time (ms) Time (ms) Time (ms)





OPS/images/fnmol-15-870947/fnmol-15-870947-g004.jpg
Optical density

C

Opticaldensity

CX26 levels in hippocampus B CX32 levels in hippocampus

2.5-
== PILO —
== CBX+PILO £ 2.0- 5

(7))

-

0
©
@©

O

-

o
O

D CX43 levels in hippocampus
*
| | I
P
(%
=
)
ge
©
O
[=1
O
1 day 1 day 7/ days 14 days 28 days

before SE after SE after SE after SE after SE

PILO CBX PILO CBX PILO CBX PILO CBX PILO CBX

B-actin —— c— e > S P egpe es=> camd GNP /2 kD3

CX26

CX32

CX36

CX43

o G T o= o, GO W ... «= ™= 25KD3
T e — — e 36 kDa

e o oy @G o B0 oo e aw 43kDa





OPS/images/fnmol-15-870947/fnmol-15-870947-g005.jpg
L Q
& S B S
o
o
8 i N o © ! ’ L0 ’ ™ -
00 . ~
o 0 2 2 ’ : hu o L ¥ &
[ — O, o oo © o " ()
o > ° o > o >
qo b - . L © b S o o b o
o B b o = ey
AN ° o ™ AN
o M o : °F m ™ o B oaov < o o B m ™
b ® > o 2 o g P & 8 x
. o :wo ® O o L & O °Yo g0 9 O
oIk °% o @ %o © g ©6 8 ® el
) ooooo O ooo 5 N e o9 ! - =
) ® o ol ) OB E= o o °¢ oo § mo@v o
° " o ’ o o° = o M o o oo o
o oo o o
¥ = 000 ? o m% e
Q Q o ' <
o o o o° o o o o° © o o of o ©
3 % = = = = © © < « o
so|ddiy jo Jamod |esjoads abesany  seiddry jo Jomod [enjoads abelony  SH4 Jo Jamod [esjoads abeleny  SHH JO Jamod |esjoads abelany
m o L I
To) o _ 1 -9
" o B 2 2
o
= | ©
B o 0 - .
fo) (o} B o B (o) = _ku. B
-2 o 2 -2
o
b % o ’ oMo ) m b ) b =
© o O (o
* 2 o 0 4ﬂ|u A ’ * & o@ 8o ™ o o i m A
o oo%oo ol » °, o °p P oo ® ® o p
? $o %vo 9,5 O ’ 8 %enwm © ma Y Mwo ® ©
° (g}
" M o 9 M@M To) 5 & ooooo 0 % i % o ¢ o%oo on%nd & o) o
o wu o M k- €o N » o@ 0 E=
o o ® e K i
& % = = o = © < N o

so|ddiy jo Jamod |esjoads abelany
<

so|ddiy Jo Jamod |esjoads abelany

(&)

Sy 4 Jo Jamod |esjoads abetany

L

SY 4 Jo Jamod |esjoads abeltany

(O]

CX43 levels

CX36 levels





OPS/images/fnmol-15-863003/fnmol-15-863003-t001.jpg
Probe Cellular Regional Cell Animal model Ligand Figure Reference
specificity specificity type/Pathway Ref.
DREADDs Targeted to Hippocampal Networks
Seizure Potentiation or Induction
hM3Dq CaMKilor promoter AAV5 into DG bilaterally DGC C57BL/6 mice cNO 1a (@) Kahn et al. 2019)
DrD2-Cre mice AAV2 into HPC bilaterally Mossy cells Pilocarpine CNO b @ Botteril et al. (2019)
- RVinto DG biaterally Ectopic DGC Filocarpine CNO 1c(3) Zhouet al. (2019)
C57BL/6 mice
hM4Di AAV-Vgat-Cre AAV/8 ito CA1 CA1PV/SOMINs  HPC kindled CNO 1d@ Wang et l. (2020)
ChAT-ChR2-YFP mice
with CAT fiber
PV-Cre mice AAV2 into Sub Sub PVANS Pentylenetetrazol CNO 16 @) Drexel et al. (2017)
hM8Dq CaMKila promoter AAV into Sub Sub PNs Phenytoin-responsive  GNO 1f(3) Xu et al. (2019)
amygdala kindied
Wistar rats
Excitation to Decrease Seizures
hM3Dq PV-Cre mice AAVBinto HPC Bilateraly  HPG PV-INs 4-aminopyricine cNO 2a(3) Calin et al. (2018)
PV-Cre mice AAVinto HPG DG +CA3PV-INs  Acute/chroric IHKA, CNO EYE) Wang et al. (2018)
and HPC kindled
SOM-Gre mice AAV into CA1 CAT PV/SOMHNs  Acute HKA cNO 2(3) Wanget al. (2020)
Voat-Cre mice AAVinto Sub Sub PV/SOM-INs  Acute/chronic IHKA, CNO 243 Wang et al. (2017)
and HPC kindled
Inhibition to Decrease Seizures
hMA4Di CaMKlle promoter AAV2/7 into HPG HFC PNs IPKA Sprague Dawley  Clozapine and 3a(3) Goossens etal. (2021)
rats Olarzapine
CaMKlla-Cre mice AAV into HPG DG-CA3 Acute/chronic IHKA, CNO @) Wang et al. (2018)
microcirctit and HPG kindled
CaMKila-Cre mice AAV into HPG DG-CA3 HPC kindled cNO 33 Ghen L. et al. (2020)
microcircuit
hSyn promoter AAVBinto contralateral DG-CA3 CaMKlla-ChR2 rrice CNO 33 Berglind et al. (2018)
HPG microcircuit with DG diode
CaMKlla promoter Recorbinant AA/2/7 into DGC IHKA C57BL/6 mice ONO and Clozapine 2%@) Desloovere et al. (2019)
ipsilateral HPC
POMC-Cre mice - DGC Pilocarpine CNO 2(3) Zhou et al. (2019)
Nestin-CreER mice - Adiutt bom DGC TAM at 6 weeks and CNO 2@) Zhouet al. (2019)
pilocarpine 2 weeks
later
- RV into DG biaterally Ectopic DGC Pilocarpine ONO 2@ Zhouet al. (2019)
C57BL/6 mice
- RVinto HPC Ectopic DGC Pilocarpine cNO 34 @) Lybrand etal. (2021)
C57BL/6 mice
DrD2-Gre rmice AAV2into HPC biaterally Mossy cells Filocarpine cNO 3e(3) Botteril et al. (2019)
CaMKilor promoter AV into Sub Sub Phenytoin- cNO 3@ Xuetal. (2019)
unvresponsive amygdala
Kindlled Wistar rats
DREADDS Targeted to Extrahippocampal Networks
Seizure Potentiation or Induction
hM3Dq CaMKlle-tTA in TRE - HPC and cortex - CNO 4a4) Alexander et al
mice PNs (2009)
hM4Di PV-Cre mice - HFC, - - 4b ) Panthi and Leitch
somatoserisory (2019)
cortex, RTN, and
cerebellar cortex
PVINs
Excitation to Decrease Seizures
hM3Dq PV-Cre mice AAV into Motor cortex Motor cortex Acute IHKA CNO 5a4) Wang et al. (2018)
PVINs
ChAT-Cre mice AAV2/8 into medial septum Medial septum Acute IHKA GNO and Clozapi 5b @) Wang et al. (2020)
cholinergic neurons
Vgat-Cre mice AAV into parafascicular  Parafascicular GhR2 right SNr with cNO 504) ChenB. et al
nucleus of thalamus nudieus INs A3 kinding (2020)
Inhibition to Decrease Seizures
hM4Di GaMKila promoter AAV into motor cortex Motor cortexPNs ~ Piocarpine and cNO 6a4) Kiitzel et al. (2014)
picrotoxin seizures, and
tetanus toxin Epileptic
rats,
hSyn promoter Recombinant AAVBinto Intralaminar Amygcala kindled CNO 6b ) Wicker and Forceli
midine thalamus biaterally thalamus newrons  Sprague Dawley rats (2016)
PV-Cre mice AAVinto SN SN PV-INs Acute/chronic IHKA cNO 6c ) ChenB. et
(2020)
CRH-Cre mice AAVinto PVH bilaterally  PVH CRH neurons  Plocarpine CNO 6 (4) Hooper et al. (2018)

Table 1 reflects the structure of the sections on hippocampel and extrahippocampal networks. For each article, we listed DREADDs construct, how celular and regional specificity was controled, target cel type, neuronal pathway
investigated, animal model employed and citation for the publication. The figure reference cokumn contains a key to hippocampl and extrahippocampal networks depicted in Figures 3, 4, respectively. For example, a figure reference of
1 refers to publcations that used DREADDS to potertiate or induce seizures by targeting networks within the HPC and has a 3 in parenthesis because it is depicted in Figure 3. Publcations that targeted simiar cels or networks have
the same alphabetical designation in the figure reference column. The celuiar specificity column inclides the viral promoter f it was used to drive celllar specificiy rather than Cre dfiver mouse lines. AAV, adeno associated vinus; CA,
Cornu Ammonis; CaMKIl, calciunycaimocuin-ependrt protein kinase l: ChAT, choline acety-transferase; ChR2, channekhodopsin-2: CNO, clozapine-N-oxide; CRH, corticotropin-releasing hormone; DG, dentate gyrus; DGC, dentate
grarule cells; DrD2, dopamine receptor D2: DREADDS, designer receptors exclusively activated by designer crugs; eDGG, ectopic dentate granule cell, ER, estrogen receptor; hMDg, Gq-coupled human M3 muscarinic DREADD; AM4Di,
G coupled human M4 muscarinic DREADD; HPC, hippocampus; hSyn, human synapsin 1; IHKA, intrahippocampel kainic acid; INS, intermeurons; IPKA, intraperitoneal kainic acid: PN, pyramidal neuron; POMC, proopiomelanocortin;
PV, parvalbumin; PVH, paraventricular hypothalamic nucleus; RTN, reticular thelemic nucleus; RY, retrovius; SNi, Substanta nigra; SOM, somatastatin; Sub, subiculum; TA, temporoammonic; TAM, tamoxifen; TRE tet response element;
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Gene Species Transcript GenBank 5'-3'sequence Amplicon PCR efficiency R2 Annealing Quantification Cq
variants reference length (bp) (%) temperature (°C)| temperature of NTC
(°C)
c-Fos rat NM_022197 F - ACGGAGAATCCGAAGGGAAAGGAA 125 88 0.9988 62 80 ND
R - TCTGCAACGCAGACTTCTCGTCTT
Icer rat NM_017334 F - CTTTATTTTGGACTGTGGTACGGC 161 100 0.991 61
5 NM_001271102 125
6 NM_001271245 207
R - AGTAGGAGCTCGGATCTGGTAA
mTor ra NM_019906 F - CGGAGAGAGGCCATCCGAGT 209 100 0.9966 64
R - ACGGCGGGGTAGAACTCGTC
Ywhaz ra NM_013011 F - TTGAGCAGAAGACGGAAGGT 185 90 0.9995 58
R - GAAGCATTGGGGATCAAGAA
Actb ra NM_031144 F - ACCCACACTGTGCCCATCTA 341 88 0.9959 68
R - GCCACAGGATTCCATACCCA
Tbp ra NM_001004198 F - CCTTCACCAATGACTCCTATG 273 100 0.9908 62
R - TGGATTGTTCTTCACTCTTGGC
Hprt1 ra NM_012583 F - TTGTTGGATATGCCCTTGAC 105 92 0.9944 60
R - CCGCTGTCTTTTAGGCTTTG
Reep5 ra NM_001108888 F - CTGATAGGTTTCGGATACCCA 269 91 0.9979 68
R - GACTCGTGCTTCAGGAAGATGG
c-FOS human NM_005252 F - TGGCGTTGTGAAGACCATGA 189 90 0.998 60
R - AGTTGGTCTGTCTCCGCTTG
RPL13A human NM_012423 F - CCTGGAGGAGAAGAGGAAAGAGA 341 94 0.9939 60
R - TTGAGGACCTCTGTGTATTTGTCAA
ACTB human NM_001101 F - ACCCACACTGTGCCCATCTAC 125 88 0.9986 66 84 ND
R - GCCACAGGACTCCATGCCCA
8P human NM_003339 F - GCCCGAAACGCCGAATATAA 81 91 0.999 58 77 38.22
R - AATCAGTGCCGTGGTTCGTG

Gene name, species of the gene and corresponding primer pair, transcript variants, GenBank reference and sequence of the primers are listed. The table shows also the length of the amplicon for each primer pair.
Amplification efficiency and R? from the standard curve were calculated as described in materials and methods section. Annealing temperature and quantification temperature specific for each primer pair are also listed.
F, forward primer; R, reverse primer; bp, base pair; NTC, no template control; ND, not detectable (>40 Cq).
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