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Editorial on the Research Topic
 Epileptic seizure disorders in animal models: advances in translational approaches




Epilepsy is the fourth most common neurological disorder worldwide. Many etiologically relevant animal models of epilepsy have been developed in small rodents (mice and rats) that may help to overcome these challenges. Our Research Topic aims to gain fundamental knowledge from animal models of epilepsy to improve our understanding of the neurobiological etiology of seizures, genetic correlates, and related comorbidities of different types of epilepsy. This is a collection of studies that aim to bridge the translational gap between animal data and clinical trials (Figure 1).
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FIGURE 1
 Animal models and approaches to understanding epilepsy as covered in this Research Topic (“Epileptic seizure disorders in animal models: advances in translational approaches”). Arc protein, activity-regulated cytoskeleton-associated protein; DBA/2, dilute brown agouti coat color mice; GABA, gamma-aminobutyric acid; GAD1, glutamate decarboxylase 1; GAERS, genetic absence epilepsy rats from Strasbourg; NMDA, N-methyl-D-aspartate; SUDEP, sudden unexpected death in epilepsy.


Topics of interest include the following:

• How can the translational value of animal models be improved?

The review paper by Bosco et al. has focused on sudden unexpected death in epilepsy (SUDEP) as the leading cause of seizure-related premature death, most prevalent in young adults with drug-resistant epilepsy. The authors considered the translational value of animal models and brought together the evidence that dilute brown agouti coat color (DBA/2) mice, which are genetically susceptible to audiogenic generalized seizures, could be regarded as a relevant animal model of SUDEP with a sufficient amount of face validity and perhaps also predictive validity.

Zhang et al. conducted an experimental study in a rat model of focal cortical dysplasia induced by in utero X-ray-radiation and compared expression profiles with those obtained in surgical specimens from patients. The study proposes that the epileptogenesis of focal cortical dysplasia type IIb and tuberous sclerosis complex is caused by changes in the expression of α-synuclein, a member of the synuclein family that plays a crucial role in modulating synaptic transmission in the central nervous system, which is associated with an impairment of N-methyl-D-aspartate (NMDA)-ergic mechanisms. Further studies on the modulatory effects of α-synuclein on seizure activity are warranted.

The review paper by Sibarov et al. considered the product of the immediate early gene encoding the activity-regulated cytoskeleton-associated (Arc) protein in the pathogenesis of epilepsy. Arc protein modulates the excitatory-inhibitory balance in mammalian neuronal networks. In active neurons, Arc protein forms retrovirus-like capsids within synapses. After seizures, released Arc particles can accumulate in astrocytes. In their translational approach, the authors focused on rodent models of convulsive and non-convulsive seizures and on genetic models of epilepsy to elucidate the intricate role of Arc in epilepsy. It is proposed that changes in Arc-protein-mediated activity can potentially affect the excitatory-inhibitory balance of the involved neuronal network, either by lowering the seizure threshold and promoting stability or by inducing lability.

• The knowledge gained from rat/mouse strains with a genetic predisposition to epilepsy.

Yavuz et al. conducted an experimental study in the genetic absence epilepsy rat from Strasbourg (GAERS). The authors examined the pro-absence effect of the alpha 2A adrenoreceptor (AR) agonist dexmedetomidine, which was administered systemically in GAERS during the first postnatal month. Their study indicates that the alpha 2A-AR mechanism is involved in the unilateral onset of absence-like seizures in the left cortex in close to 50% of the animals. The unilateral onset does fit with recent theories of the focal onset of an archetypal type of generalized epilepsy.

Toplu et al. used GAERS to investigate the orexin-type 2 receptor (OX2R) signaling pathway in absence epilepsy. The authors discovered that the OX2R agonist had a suppressive effect on spike-wave discharges, as demonstrated by significantly reduced OX2R expression in the cortex and thalamus. This effect may be attributed to the agonist's regulation of the wake/sleep state. The therapeutic potential of targeting OX2R in the treatment of various types of epilepsy, and especially absence epilepsy awaits further research.

• The knowledge gained from knockout and genetically modified rats/mice.

Liu et al. investigated the gamma-aminobutyric acid (GABA)-ergic mechanisms of epileptic activity. They targeted Glutamate decarboxylase 1 (GAD1)- an enzyme involved in the synthesis of GABA and obtained Gad1 knockout rats from the Long-Evans background. The authors propose a functional model in which GABA produced by GAD1 in the reticular thalamic neurons is released outside the synapses and causes inhibition within the reticular thalamic nucleus. Of note, these thalamic neurons are a major source of inhibition of the thalamic-cortical relay cells.

• New genetic technologies to model epilepsy in rats/mice.

The study by Hill et al. was conducted in mice with mutations in the sodium channel genes Scn1a or Scn8a. Mutations in these genes can lead to dysfunction of sodium channels, resulting in increased neuronal excitability and predisposing individuals to seizures, such as in Dravet syndrome and febrile seizures. Both genes are also involved in developmental and epileptic encephalopathies, which represent severe seizure disorders with inadequate treatment options. Their study indicates that a reduction of Kcnt1 expression is protective in mouse models of Scn1a and Scn8a epilepsy, suggesting that patients with SCN1A and SCN8A mutations may benefit from treatment with a KCNT1 ASO or KCNT1-specific channel blocker.

• Novel treatment options for patients with therapy-resistant epilepsy.

Xue et al. used a penicillin-induced model of motor epilepsy in adult male C57BL/6 J mice and employed optogenetic and chemogenetic approaches to study the involvement of the subthalamic nucleus (STN) and the substantia nigra pars reticulata (SNr) in motor seizures. Inhibition of excitatory neurons in the STN and the projections from the STN to the SNr reduced seizure activity, but activation of these neurons and pathways amplified seizure activity. The authors also concluded that deep brain stimulation of the STN may be a potential treatment for motor epilepsy and may enhance the SNr's antiepileptic effects through orexin pathways.

The review by Righes Marafiga and Baraban discusses interneuron-based transplantation therapy in acquired epilepsy models, such as the well-known pilocarpine model of Temporal Lobe epilepsy. These authors consider a novel strategy that used embryonic medial ganglionic (MGE) progenitor cells to target parvalbumin-expressing and somatostatin-expressing cells in epileptic networks. Most importantly, this represents a true disease-modifying therapy in the form of the selective addition of new inhibitory interneurons to these circuits.
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Impairment of development, migration, or function of inhibitory interneurons are key features of numerous circuit-based neurological disorders, such as epilepsy. From a therapeutic perspective, symptomatic treatment of these disorders often relies upon drugs or deep brain stimulation approaches to provide a general enhancement of GABA-mediated inhibition. A more effective strategy to target these pathological circuits and potentially provide true disease-modifying therapy, would be to selectively add new inhibitory interneurons into these circuits. One such strategy, using embryonic medial ganglionic (MGE) progenitor cells as a source of a unique sub-population of interneurons, has already proven effective as a cell transplantation therapy in a variety of preclinical models of neurological disorders, especially in mouse models of acquired epilepsy. Here we will discuss the evolution of this interneuron-based transplantation therapy in acquired epilepsy models, with an emphasis on the recent adaptation of MGE progenitor cells for xenotransplantation into larger mammals.

KEYWORDS
 interneuron, GABA, porcine, progenitor cells, epilepsy


Introduction

Interneurons mediate inhibitory synaptic transmission, brain oscillations and cortical processing (Isaacson and Scanziani, 2011). Alteration of GABAergic transmission, following interneuron loss or dysfunction, can disrupt synaptic inhibition within neuronal networks and facilitate development of epilepsy (Kumar and Buckmaster, 2006; Knopp et al., 2008; Katsarou et al., 2017), autism spectrum disorders (Paterno et al., 2021; Fontes-Dutra et al., 2023), schizophrenia (Nakazawa et al., 2012) and other neurological conditions (Calcagnotto et al., 2005; Marín, 2012). Among these, epilepsy is a common and devastating condition, affecting more than 70 million people worldwide and approximately 3.4 million people in the United States (Ngugi et al., 2011; Zack and Kobau, 2017). As a first line treatment, antiseizure medications (ASMs) potentiating GABAergic inhibition are routinely used to control seizures (Löscher and Klein, 2021). However, alternative treatments are needed for drug-resistant epilepsy patients comprising nearly 30% of this patient population (Kwan and Brodie, 2000). In a select group of these patients, surgical removal of seizure foci is considered the best available treatment (Wiebe et al., 2001, Spencer and Huh, 2008, Jobst and Cascino, 2015). While a well-established procedure, invasive surgical resection carries significant risk for cognitive and psychological impact (Sherman et al., 2011); and its success is directly correlated with identification of seizure foci, which cannot always be defined or safely removed (Rosenow and Lüders, 2001). Deep brain stimulation (DBS) also provides a degree of seizure control in some patients by targeting propagation points within the epileptic network but is also invasive and not selective to inhibitory or excitatory pathways (Piper et al., 2022). In recent years, a promising alternative therapy using GABAergic progenitor cell-based transplantation has emerged with potential to selectively add new functional inhibitory neurons into the epileptic network (Baraban et al., 2009; Hunt et al., 2013; Casalia et al., 2017).

Preclinical transplantation studies using murine embryonic progenitors from medial ganglionic eminence (MGE) consistently demonstrate robust abilities to (i) migrate, differentiate and integrate into host circuits as inhibitory interneurons (Alvarez-Dolado et al., 2006; Calcagnotto et al., 2010), (ii) make synaptic inhibitory connections onto host brain excitatory neurons (Howard and Baraban, 2016; Hsieh and Baraban, 2017), (iii) enhance synaptic inhibition (Alvarez-Dolado et al., 2006; Calcagnotto et al., 2010; Howard et al., 2014) and (iv) abolish spontaneous seizures and epilepsy-related comorbidities in mouse models of acquired epilepsy (Baraban et al., 2009; Hunt et al., 2013; Casalia et al., 2017). Based on these investigations, transplanted MGE-derived interneurons are therapeutic because they increase surround inhibition in host brain by forming new inhibitory synapses within the epileptic network while other proposed mechanisms such as secretion of unidentified “trophic factors” or “reorganization of host circuitry” (Southwell et al., 2010, 2014; Priya et al., 2019) are not supported by experimental evidence. While these proof-of-principle studies involved embryonic donor cells from mice transplanted into recipient mice, moving to a larger mammal requires a cross-species xenotransplantation strategy. In our efforts to translate this promising therapy to larger mammals, we focused our attention on porcine donors as there is significant translational clinical precedent for using tissue or organs derived from pigs for xenotransplantation. In this mini-review, we discuss our earlier MGE transplantation work using mice and more recent studies highlighting the potential for porcine MGE xenotransplantation as a therapy for intractable epilepsies.



Embryonic MGE progenitors transplantation therapy

During development, MGE is a primary source of inhibitory interneuron progenitors, generating primarily parvalbumin-expressing (PV) and somatostatin-expressing (SOM) cells (Wonders and Anderson, 2006). Over the past 20 years, studies utilizing embryonic murine MGE progenitors were extremely successful in demonstrating that MGE-derived cells are valuable candidates for interneuron transplantation therapies (Alvarez-Dolado et al., 2006; Martínez-Cerdeño et al., 2010; Zipancic et al., 2010; Bráz et al., 2012; Hunt et al., 2013; Hunt and Baraban, 2015; Casalia et al., 2017; Zhu et al., 2019; Paterno et al., 2020). Transplanted MGE progenitors offer widespread therapeutic coverage in a dysfunctional brain as embryonic MGE-derived progenitors survive (up to 22%) and migrate (up to 5 mm from injection site) extensively within cortical and hippocampal regions following transplantation (Alvarez-Dolado et al., 2006; Baraban et al., 2009; Hunt et al., 2013). In nearly two decades of investigation, embryonic MGE-derived cells have never been shown to proliferate in the host brain, but consistently share morphological features of native interneurons, with elaborated dendritic trees, and typical interneuron morphologies: bipolar cells, multipolar cells, basket cells, neurons with small body or chandelier cells (Alvarez-Dolado et al., 2006; Calcagnotto et al., 2010; Hunt et al., 2013). Most importantly, interneurons derived from embryonic murine MGE progenitors express the primary inhibitory neurotransmitter GABA and differentiate into a specific sub-population of PV-and SOM-positive GABAergic interneurons (Table 1). MGE-derived interneurons maintain electrophysiological properties of mature interneurons in vitro, such as fast-spiking and regular-spiking firing properties in current-clamp recordings (Alvarez-Dolado et al., 2006; Hunt et al., 2013; Howard and Baraban, 2016), and receive both inhibitory and excitatory synaptic input from host brain neurons as measured by voltage-clamp recordings of postsynaptic current (Martínez-Cerdeño et al., 2010; Sebe and Baraban, 2010; Howard and Baraban, 2016). Importantly, murine MGE-derived interneurons do not enhance GABA-mediated synaptic inhibition to endogenous interneurons which would suggest a caudal ganglionic eminence (CGE) interneuron lineage (Baraban et al., 2009; Larimer et al., 2016; Hsieh and Baraban, 2017). Enhancement of GABA-mediated inhibition following transplantation of MGE progenitors is also ‘self-limiting’ in that increased inhibition observed in host circuits does not scale with injection size but reaches a plateau (Sebe et al., 2014; Southwell et al., 2014). As expected for these interneuron sub-populations, MGE-derived interneurons integrate in hosts brain to mediate synaptic inhibition onto somatic and dendritic postsynaptic neuronal compartments of principal excitatory neurons as shown in dual patch-clamp recordings (Howard and Baraban, 2016) and optogenetic stimulation of transplant-derived interneurons (Hsieh and Baraban, 2017). Moreover, as a basis for therapeutic application in conditions where synaptic inhibition may be compromised (e.g., epilepsy, autism or schizophrenia), MGE-derived interneurons consistently enhance miniature and spontaneous inhibitory postsynaptic currents onto excitatory (but not inhibitory) pyramidal neurons in host brain (Alvarez-Dolado et al., 2006; Hunt et al., 2013; Howard and Baraban, 2016; Casalia et al., 2017; Hsieh and Baraban, 2017). The consistency of these findings across time and different investigators sets a standard for how any transplantation protocol purporting to utilize MGE progenitor cells should be judged.



TABLE 1 Medial ganglionic eminence.
[image: Table1]

Mice provide unique advantages for development of MGE-derived transplantation protocols as a potential disease modifying therapy for epilepsy. First, our understanding of interneuron origins, sub-populations and functions derive from a wealth of rodent publications. Second, a variety of rodent epilepsy models are already available and easily accessible. As discussed, anatomical, immunohistochemical and functional properties of transplanted murine MGE-derived interneurons are now established (Alvarez-Dolado et al., 2006; Howard et al., 2014; Howard and Baraban, 2016; Hsieh and Baraban, 2017). As are studies (replicated over several publications) that transplanted murine MGE progenitors offer a potential cure in mouse models of epilepsy. One of the most studied rodent epilepsy models representing temporal lobe epilepsy (TLE), is the pilocarpine model (Turski et al., 1983; Cavalheiro et al., 1991; Cavalheiro, 1995; Sanabria et al., 2002). Using this model we demonstrated that at 60 days following transplantation, adult epileptic mice receiving MGE progenitor cells (after the emergence of documented epileptic phenotypes) exhibit a 92% reduction in spontaneous seizure frequency as measured by video-EEG monitoring and rescue of epilepsy-related comorbid behaviors in a variety of established assays including open field and Morris-Water maze deficits (Hunt et al., 2013). Despite some initial unfounded concerns following this report questioning “whether transplanted interneurons can integrate into neural circuits affected by long-standing epilepsy, or whether they exert a long-lasting effect on seizure phenotypes” (Henderson et al., 2014; Southwell et al., 2014), these effects were robust. Indeed in 2017, again using the pilocarpine model, we reported that embryonic MGE transplantation into adult epileptic mice produced an 84 to 88% reduction in spontaneous seizure frequency, again rescued open field and handling comorbid behaviors, and functionally restored GABA-mediated inhibition to levels similar to age-matched naïve controls. These effects, noted at 60 to 240 days after transplantation, demonstrate a clear functional restoration of synaptic inhibition in a hippocampal network affected by seizures and a persistent rescue of epilepsy phenotypes (Casalia et al., 2017).

Potential physiological incompatibility and ethical issues that come with murine progenitor cells limit the translation of this approach to a larger mammal. While some would argue that human induced pluripotent stem cells (hiPSC) could solve these issues, published hiPSC protocols do not convincingly report data for PV-and SOM-expressing neurons with the ability to migrate widely and functionally integrate as mature interneurons following transplantation. Despite Waldau et al. (2010) claims that the “majority” of hiPSC-derived cells become GABAergic cells, only 10% of these cells co-labeled with an antibody recognizing GABA while, inconsistent with an MGE lineage, 57% of these cells co-labeled with an antibody recognizing S-100B (Waldau et al., 2010). In Nicholas et al. (2013), following transplantation into immune-deficient mice only a very small fraction of hiPSC-derived putative “MGE-like” cells survive (3–9%), PV-positive neurons were not identified and 73% of cells expressed calretinin (e.g., an interneuron marker for cells originating in CGE) (Nicholas et al., 2013). Additionally, Maroof et al. (2013) demonstrated that hiPSC-derived neurons did not differentiate morphologically into interneurons, nor express SOM or PV (Maroof et al., 2013). Putative human iPSC-derived “MGE” cells in Upadhya et al. (2019) expanded by ~129% following intra-hippocampal grafting suggesting that these stem cells continued to proliferate in the host brain and could result in teratoma formation (Upadhya et al., 2019). Functional integration and enhancement of synaptic inhibition in host brain receiving these hiPSC-derived cells was not demonstrated in any of these studies. Finally, a recent single-nuclei and single-cell transcriptomic analysis of these published hiPSC-derived interneuron protocols (Allison et al., 2021) concluded that “none of these methods produced mature, postnatal-like interneurons as defined functionally (electrophysiology) or transcriptionally.” Therefore, current human iPSC protocols do not faithfully recapitulate crucial properties of embryonic MGE progenitors, and should be interpreted with a note of caution before being used as a strategy for interneuron-based transplant therapy in patients with epilepsy, and other neurological disorders, such as ASD, Alzheimer’s disease and schizophrenia.



Porcine MGE progenitor cells

Porcine xenotransplantation studies raise the possibility of developing safe and effective human therapies for several neurological disorders (Fink et al., 2000; Cooper et al., 2002; Hryhorowicz et al., 2017; Sykes and Sachs, 2019; Casalia et al., 2021; Simeone et al., 2022). As such, our laboratory recently turned our attention to using porcine embryonic tissue as an MGE progenitor source for xenotransplantation. In Casalia et al. (2021), we demonstrated that porcine MGE-derived cells recapitulate molecular, morphological and immunohistochemical profiles similar to those established for murine MGE-derived cells (Casalia et al., 2021). First, embryonic porcine MGE express transcription factors, such as Nkx2.1, Lhx6, and Dlx2, indicative of an MGE lineage (Cobos et al., 2005, 2006, 2007; Vogt et al., 2014). Second, in vitro and in vivo protocols show that porcine MGE progenitors exhibit a robust migratory capacity similar to murine MGE progenitors (Wichterle et al., 1999, 2001; Alvarez-Dolado et al., 2006; Hunt and Baraban, 2015). Third, under appropriate in vitro induction protocols, porcine MGE progenitors differentiate into cortical or hippocampal GABAergic with mature interneuron-like morphologies and expression of GABA, SOM and the vesicular GABA transporter (vGAT) (Casalia et al., 2021). Fourth, following xenotransplantation into adult rat hippocampus, porcine MGE-derived neurons migrate, display morphological similarities similar to mature native interneurons (e.g., basket cells, multipolar neurons, bipolar cells) and express both GABA and SOM (Alvarez-Dolado et al., 2006; Hunt et al., 2013; Casalia et al., 2021). Note, commercially available antibodies recognizing porcine PV-expressing neurons were not selective enough to evaluate this sub-population in these studies. Further, porcine MGE-derived neurons did not exhibit morphologic features of mature cortical pyramidal neurons and tumors were not observed in any host animal receiving porcine MGE progenitors. Together, these findings confirm that MGE-derived interneuron development is conserved across species. Future studies should evaluate the intrinsic electrophysiological properties and functional enhancement of synaptic inhibition for these porcine MGE-derived interneurons following xenotransplantation.

While additional characterization of porcine MGE progenitors awaits, a highly successful N-of-1 trial was recently reported for a refractory, domoic-acid poisoned epileptic California sea-lion playfully named Cronutt (Simeone et al., 2022). Domoic-acid poisoned sea lions consistently present with spontaneous convulsive seizures, hippocampal atrophy including loss of hippocampal PV-and SOM-expressing interneurons, and cognitive/behavioral deficits, similar to patients with TLE (de Lanerolle et al., 2003; Buckmaster et al., 2014; Cendes et al., 2014; Ives-Deliperi and Butler, 2021). Cronutt, rescued initially by the Marine Mammal Center and eventually adopted by Six Flags Discovery Kingdome presented with uncontrollable convulsive seizures (up to 10 per day), hippocampal atrophy (Cook et al., 2021), lethargy and severe weight loss. After considering euthanasia, we developed a protocol for stereotaxic-guided xenotransplantation of embryonic porcine MGE progenitors in a sea lion. In the initial case report at 12 months following xenotransplantation, handlers at the Six Flags pinniped facility reported Cronutt’s complete absence of convulsive seizures, with significant improvements in appetite, weight gain, and general behaviors (Simeone et al., 2022). Anecdotal observations now stretching beyond 28 months post xenotransplantation continue to report a seizure-free outcome and significant improvements in behavior and cognition.



Conclusion

While precise mechanism(s) by which interneuron dysfunction contributes to epilepsy (and related neurological disorders) remains an active area of investigation, an aspirational treatment goal is a “no seizures, no side effects” outcome. Although this goal remains elusive, patient and animal model data converge on a hypothesis that such a treatment could involve enhancement of GABA-mediated synaptic inhibition. Transplanted embryonic MGE progenitors have consistently been shown to migrate and functionally integrate in host circuits to enhance synaptic inhibition in a manner resembling that possible with native interneurons. Properties of interneurons derived from murine and porcine MGE progenitors make them ideal candidates for a cell transplantation treatment (Figure 1). Indeed, MGE transplantation drastically reduced seizures, abolished epilepsy-related comorbidities and failed to show any adverse side effects in experimental rodent models of acquired epilepsy and the case of a naturally occurring large mammal with TLE. Therefore, we are optimistic embryonic MGE progenitors offer a safe and effective means toward developing a disease-modifying (no seizures, no side effects) treatment for intractable epilepsies.

[image: Figure 1]

FIGURE 1
 Interneuron-based cell transplantation therapy.
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Background: Focal motor seizures that originate in the motor region are a considerable challenge because of the high risk of permanent motor deficits after resection. Deep brain stimulation of the subthalamic nucleus (STN-DBS) is a potential treatment for motor epilepsy that may enhance the antiepileptic actions of the substantia nigra pars reticulata (SNr). Orexin and its receptors have a relationship with both STN-DBS and epilepsy. We aimed to investigate whether and how STN inputs to the SNr regulate seizures and the role of the orexin pathway in this process.

Methods: A penicillin-induced motor epileptic model in adult male C57BL/6 J mice was established to evaluate the efficacy of STN-DBS in modulating seizure activities. Optogenetic and chemogenetic approaches were employed to regulate STN-SNr circuits. Selective orexin receptor type 1 and 2 antagonists were used to inhibit the orexin pathway.

Results: First, we found that high-frequency ipsilateral or bilateral STN-DBS was effective in reducing seizure activity in the penicillin-induced motor epilepsy model. Second, inhibition of STN excitatory neurons and STN-SNr projections alleviates seizure activities, whereas their activation amplifies seizure activities. In addition, activation of the STN-SNr circuits also reversed the protective effect of STN-DBS on motor epilepsy. Finally, we observed that STN-DBS reduced the elevated expression of orexin and its receptors in the SNr during seizures and that using a combination of selective orexin receptor antagonists also reduced seizure activity.

Conclusion: STN-DBS helps reduce motor seizure activity by inhibiting the STN-SNr circuit. Additionally, orexin receptor antagonists show potential in suppressing motor seizure activity and may be a promising therapeutic option in the future.

KEYWORDS
 subthalamic nucleus, substantia nigra pars reticulata, deep brain stimulation, motor seizure, orexin


Introduction

Epilepsy, one of the most prevalent neurological disorders, affects around 1% of the population (Devinsky et al., 2018). The pathological condition known as epilepsy is a circuit-level disease with hypersynchronous or excessive discharges and increased neuronal excitability as a result of an excitatory-inhibitory imbalance (Paz and Huguenard, 2015). Surgical resection is an effective therapeutic option for roughly 30% of individuals who continue to experience seizures despite receiving appropriate antiepileptic medications (Gomez-Alonso and Bellas-Lamas, 2015; Vakharia et al., 2018). Nonetheless, focal motor seizures originating in the motor region, particularly the primary motor cortex (M1), represent a considerable challenge due to the high risk of permanent motor deficits caused by ablation of the epileptic foci (Rosenow and Luders, 2001; Jobst and Cascino, 2015). As a result, the investigation of alternate therapy options for such individuals remains an active research area. Neuromodulatory approaches, such as deep brain stimulation (DBS), are hypothesized to normalize the abnormal brain activity and have been developed as an alternative treatment over the past several decades (Xue et al., 2022). The anterior nucleus of the thalamus (ANT), an important node in the Papez circuit, is currently the most commonly used stimulus target in the treatment of epilepsy (Fisher et al., 2010; Salanova et al., 2015). ANT-DBS demonstrated satisfactory control of temporal lobe seizures but less control of seizures arising from other regions (Fasano et al., 2021). Thus, for epileptic patients with motor seizures, especially for seizures originating from motor areas, it is necessary to explore new stimulation targets.

The subthalamic nucleus (STN), which plays an important role in the basal ganglia pathway, projects directly to the substantia nigra pars reticulata (SNr), which is a part of the well-known nigral regulatory system involved in epilepsy (Gale, 1992). In frontal lobe motor seizures, animal experiments have verified the activation of the indirect pathway, including STN, SNr, and their upstream and downstream nuclei (Brodovskaya et al., 2021). STN-DBS has already been widely used in movement disorders, such as Parkinson’s disease (Weaver et al., 2009), and is thought to enhance the antiepileptic actions of SNr (Salanova, 2018). Despite several clinical case reports and pilot studies that have identified its potential role in the treatment of motor seizures (Benabid et al., 2002; Chabardes et al., 2002; Handforth et al., 2006; Lee et al., 2006; Ren et al., 2020), the exact neural circuit mechanism of STN-DBS in controlling seizures remains unclear. The excitatory hypothalamic peptide orexin (also known as hypocretin), which has two subtypes named orexin A (OA) and orexin B (OB), is secreted by a group of neurons located in the hypothalamus close to the STN that project to both STN and SNr (Peyron et al., 1998). Furthermore, STN and SNr have two types of orexin receptors, OX1R and OX2R, which are co-localized in these two regions (Korotkova et al., 2002; Li et al., 2019). Endogenous orexin A/B maintains the physiological discharge of STN glutamatergic neurons and SNr GABAergic neurons (Korotkova et al., 2002; Sheng et al., 2018). In addition, exogenous extra orexin A/B was found to increase penicillin-induced epileptic activity (Kortunay et al., 2012), and orexin receptor antagonisms were observed to reduce seizures in multiple epilepsy models (Zhu et al., 2015; Roundtree et al., 2016; Kordi Jaz et al., 2017). Meanwhile, DBS can affect the expression of orexin receptors (Dong et al., 2021). Therefore, we systematically investigated whether and how STN inputs to SNr regulate seizures and the role that the orexin pathway plays in this process using a mouse model in which epilepsy originated from M1. Identifying the neural circuitry and molecular mechanism responsible for motor seizures could result in the development of more precise therapeutic approaches to control seizures.



Materials and methods


Animals

In the study, 238 male C57BL/6 J mice, aged 6–8 weeks, were used. The mice were group-housed in cages containing 4–6 mice and were kept in a controlled environment with a 12-h light/dark cycle and a temperature of 20–23°C. The mice had free access to food and water and were cared for in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. All procedures involving the mice were approved by the Animal Advisory Committee of the Beijing Tiantan Hospital and conformed to the Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines. Information about mice mortality and exclusion can be found in Supplementary Table 1.



Stereotactic surgery

Mice were anesthetized using sodium pentobarbital (50 mg/kg, i.p., Sigma-Aldrich) and had their heads fixed in a stereotaxic apparatus (68,044, RWD Instruments). To ensure that the mice remained pain-free during the procedure, additional doses of sodium pentobarbital were administered if a pain response was observed upon paw pinch. The body temperature of the anesthetized mice was maintained at 37°C using a heating pad. An incision was made on the head to expose the skull, and burr holes were stereotactically made on the skull after removing the pericranium.

Microinjections were administered using a gauge needle and an Ultra Micro Pump (R-480, RWD Instruments) for viral delivery, with the coordinates for the left STN, left SNr, and left M1 being −2.0 mm AP, +1.6 mm ML, −4.6 mm V; −3.4 mm AP, +1.5 mm ML, −4.4 mm V; and + 2.1 mm AP, +2 mm ML, −1.7 mm V from Bregma, respectively, based on the mouse brain atlas (Paxinos and Franklin, 2004). The viruses were infused over a period of 5–10 min, and the syringe was left in place until 10 min after the end of the infusion to allow for diffusion. Adeno-associated viruses (AAVs) were injected at a total volume of 0.1–0.5 μl, based on the size of the brain region, and approximately 3 weeks were allowed for maximal viral expression.

After 3 weeks of viral delivery, bipolar stimulation electrodes (CBBRF50, FHC), optical fibers (ULC-589-200-0.73-4.0, Newdoon Inc), or single-guide cannulas (62,001, RWD Instruments) were implanted 300 μm above the center of the M1, STN, or SNr, based on the specific experiment, using stereotaxic coordinates. These were fixed to the skull using dental cement, and three anchoring skull screws (diameter of 1 mm) were placed in the skull also for EEG recording, two of which were placed over the left neocortex (first electrode, −1.00 mm AP, +1.5 mm ML; second electrode, +3.00 mm AP, +1.5 mm ML), one of which was placed over the cerebellum to serve as the reference electrode. The implantation site and viral expression in the mice were verified after behavioral testing, and only mice with correct implantation location and viral expression were included in the analysis. Throughout the surgical procedures, the mice were kept on a heating pad and were returned to their home cages after post-surgery recovery.



Seizure induction

After 1 week of recovery from stereotactic surgery, penicillin was administered to freely moving mice through a guide cannula implanted in the M1 region using an Ultra Micro Pump (KDS LEGATO 130, RWD Instruments). The infusion rate was set at 0.1 μl/min, with a total injection of 1 μl of penicillin (200 IU/μL, P105489, Aladdin). EEG recordings were obtained beginning 10 min prior to the penicillin injection and continued for 180 min. Thirty minutes before the penicillin injection, the mice in the different groups received either a saline injection (i.p.) or CNO (1 mg/kg, i.p.), depending on the specific experiment being conducted. The severity of behavioral seizures was evaluated using Racine’s criteria (Racine, 1972), which included the following: (1) facial movement, (2) head nodding, (3) unilateral forelimb clonus, (4) bilateral forelimb clonus and rearing, and (5) rearing and falling. Seizure stages 1–3 was classified as focal seizures (FSs), and stages 4–5 were classified as general seizures (GSs). The number of FSs and GSs were recorded by an investigator who was unaware of the group assignments during a 3-h observation period.



DBS and photostimulation

The DBS electrodes were connected to a stimulator (Master-8 Programmable Stimulator, AMPI, Jerusalem, Israel), which delivered electrical pulses (pulse width = 60 μs, intensity = 100 μA) at specific frequencies based on the experimental design. The electrodes of the sham group were not connected to the stimulator, and therefore, the animals in this group did not receive any stimulation.

Blue (465 nm, 30 Hz, 10 ms, 10 mW) or yellow (589 nm, continuous, 10 mW) laser light was delivered using an optical stimulation system (IOS-465/589, RWD Instruments). For the negative control group, the parameters of the laser were adjusted to be the same as those used in the experimental group. The power of the laser was adjusted to approximately 10 mW, as measured using a power meter (Thorlabs).



EEG recordings and fiber photometry

EEG activity was recorded using a data acquisition system (PowerLab, AD Instruments). The biological signals from the electrodes were amplified and filtered (bandpass of 0.1–50 Hz) using BioAmp amplifiers (AD Instruments). The EEG signal was digitized at a sampling rate of 1,024 Hz and displayed and stored on a personal computer. The frequency and amplitude of epileptiform EEG activity were analyzed offline using LabChart software (AD Instruments) (Yildirim et al., 2010). Only spikes with amplitudes greater than three times the baseline activity were included in the analysis. The EEG power spectrum was analyzed offline using the basal activity recorded prior to the penicillin injection. Only the 0.5–50 Hz range of all spectra was used for further analysis, with faster frequency bands being cropped. EEG power was calculated in the following frequency bands: delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma (30–50 Hz). Examples of EEG recordings for different periods of epileptic activity can be found in Supplementary Figure S1A.

Fiber photometry of calcium signals was initiated 1 week after the implantation surgery. GCaMP fluorescence was collected using a fiber photometry system (inper) and analyzed using a supporting data processing software (Inper Data Process, inper). The data were segmented according to individual trials, and the values of fluorescence change (ΔF/F) were calculated as (F − F0)/F0. Heatmaps or average plots were used to present the ΔF/F values. Examples of calcium signals after triple injection of AAVs in three brain regions: M1, STN and SNr during seizures can be found in Supplementary Figure S1B.



Immunofluorescence labeling

Mice were anesthetized and transcardially perfused with 0.9% NaCl and then with 4% paraformaldehyde (PFA) in phosphate buffer solution (PBS). Their brains were dissected, fixed in 4% PFA for 6 h at 4°C, and transferred to solutions of 20 and 30% sucrose in PBS for 36–48 h. The brains were coronally sectioned into 40-μm slices using a freezing microtome (Leica, CM1950), and the slices were collected for immunostaining. The slices were pre-incubated in a solution of 3% bovine serum albumin (w/v) and 0.5% Triton X-100 (v/v) for 2 h at room temperature, followed by overnight incubation at 4°C with the appropriate primary antibodies (listed in Supplementary Table S2). Among them, the antibody of c-Fos was used to determine the enhancement neural activity induced by penicillin and the antibodies of OX1R, OX2R were used to detect the expression and colocalization in SNr. They were then incubated with fluorescent secondary antibodies (Alexa fluor 488-conjugated goat anti-rabbit [A11008]; Alexa fluor 546-conjugated donkey anti-rabbit [A10040]; Invitrogen; all 1:2000) for 2 h at room temperature. The primary and secondary antibodies were diluted in PBS containing 3% bovine serum albumin (w/v) and 0.3% Triton X-100. The fluorescent signals were examined and photographed using an A1R laser-scanning confocal microscope (Nikon A1R, Japan) with magnification = 10× and numerical aperture = 0.45. The relative fluorescence intensity was analyzed using ImageJ software by observers who were blinded to the experimental groups.



Western blot analysis

Briefly, brain tissues containing SNr were homogenized in 1% sodium dodecyl sulfate (SDS). Protein aliquots of 20 μl from each sample were separated by 8% SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride membrane. The membrane was blocked with 3% non-fat milk in PBS at room temperature for 2 h and then incubated with the primary antibodies [rabbit-anti-OX1R or rabbit-anti-OX2R (details in Supplementary Table S2) or mouse-anti-GAPDH (Invitrogen, PA1-988, 1:1000)] overnight at 4°C. After being washed three times, the membrane was incubated with HRP (anti-mouse: sc-2004; anti-rabbit: sc-2005, Santa Cruz Biotechnology) at room temperature, and the protein bands were visualized using the ECL system (Tanon Inc., 5,200). The gray scale of the bands was quantified using ImageJ software.



Elisa

The acquired supernatants of SNr were collected and stored at −80°C until use. All operations of ELISA for OA (EM0453, Wuhan Fine Biotech Co.) and OB (CX4453, Shanghai Chuangxiang Co.) were conducted according to the manufacturer’s instructions.



Viral vectors and drugs

rAAV-CaMKIIα-mCherry (titre: 1.2 × 1013 v.g.ml−1), rAAV/retro-hSyn-eYFP (titre: 1.3× 1013 v.g.ml−1), rAAV-CaMKIIa-GCaMp6m (titre: 1.1× 1013 v.g.ml−1), rAAV-CaMKIIα-hChR2 (H134R)-eYFP (titre: 5.8 × 1012 v.g.ml−1), rAAV-CaMKIIα-eNpHR-eYFP (titre: 5.2 × 1012 v.g.ml−1), rAAV-EF1α-DIO-hM3D (Gq)-mCherry (titre: 1.7 × 1013 v.g.ml−1), rAAV-EF1α-DIO-hM4D(Gi)-mCherry (titre: 2.2 × 1013 v.g.ml−1), and rAAV/retro-hSyn-CRE (titre: 1.8 × 1013 v.g.ml−1) were purchased from BrainVTA Co., Ltd. (Wuhan, China). All viral vectors were aliquoted and stored at −80°C until use.

The selective antagonists for OX1R and OX2R, named SB-334867 (10 μM, item no. 19145) and JNJ-10397049 (10 μM, item no. 14139), were purchased from Cayman Chemical Co. (Ann Arbor, MI, United States) and stored at −20°C until use.



Statistics

Data are presented as means ± SD. The number of experimental replicates (n) is indicated in the figures and refers to the number of experimental subjects that were independently treated in each experimental condition. Statistical comparisons were conducted using Prism (version 8.0) with the appropriate methods. No statistical methods were applied to pre-determine the sample size or to randomize the groups. All analyses were two-tailed, and a value of p <0.05 was considered statistically significant. A detailed statistical description of all figures can be found in Supplementary Table S3.




Results


Ipsilateral/bilateral high-frequency (130 Hz) STN-DBS alleviates seizures in motor epilepsy

To examine the effects of different frequencies of STN-DBS on seizure control in motor epilepsy, we recorded the calcium signals of M1 excitatory neurons using fiber photometry in freely moving epileptic mice with STN-DBS (ipsilateral stimulation, 10/60/130 Hz, 100 μA, 60 μs, 30-s on–off cycle; Figures 1A,B). Following stereotaxic infusion of the AAVs into M1, the calcium indicator GCaMP6m was efficiently expressed in M1 neurons (Figure 1C). Then, we implanted an optical fiber into the M1 for recordings of GCaMP fluorescence changes and an electrode into the STN to induce electrical stimulation (Figure 1C; Supplementary Figure S1C). We observed an increased calcium response in ipsilateral M1 after injection of penicillin and sham. Low-frequency (10 Hz) and moderate-frequency (60 Hz) stimulation of STN did not attenuate the calcium signal of seizures, while high-frequency (130 Hz) STN-DBS alleviated the seizures (Figure 1D). Therefore, the frequency setting of 130 Hz was used for subsequent experiments.
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FIGURE 1
 Effects of deep brain stimulation of the subthalamic nucleus (STN-DBS) on motor epilepsy. (A,B) Scheme and time course of the experiment for the efficacy of different frequencies of STN-DBS in motor epileptic mice. (C) Representative images of the primary motor cortex (M1) and STN, confirming the expression of CaMKIIα-GCaMP6m and location of the electrode. Scale bar = 100 μm. Left, M1; Right, STN. (D) Fiber photometry of M1 excitatory neural dynamics during motor seizures in CaMKIIα-GCaMP6mM1 mice according to different groups. Left column, heatmap illustration of calcium signals. Color scale indicates ΔF/F, and warmer colors indicate higher fluorescence signals; Right column, peri-event plots of the average calcium signals corresponding to the heatmaps. Red lines indicate mean, and shaded areas indicate SD. The gray lines represent electrical stimulation. (E,F) Scheme and time course of the experiment for the efficacy of ipsilateral and bilateral high-frequency (130 Hz) STN-DBS in motor epileptic mice. (G) Representative EEG spectra power and raw EEG; red arrowheads indicate generalized seizure (GS) onset. Effects of ipsilateral and bilateral high-frequency (130 Hz) STN-DBS on (H) spike frequency, (I) spike amplitude, (J) spectral power density, (K) latency to FS, (L) latency to GS, (M) number of FS, (N) number of GS, and (O) development of seizure stage. (P) Immunofluorescence analysis was performed using antibodies against c-Fos (red) in brain sections of M1, STN, and substantia nigra pars reticulata (SNr). Nuclei were fluorescently labeled with DAPI (blue). Scale bar = 100 μm. (Q) Relative fluorescence intensity of c-Fos in M1, STN, and SNr. *p < 0.05, **p < 0.01, ***p < 0.001. Colored asterisk indicates the comparison of the corresponding group and the penicillin + sham STN-DBS group; black asterisk with two different colored horizontal lines to the left and right represents comparison of the corresponding two groups. Data are presented as means ± SD. Detailed statistical methods and data are provided in Supplementary materials.


Next, we aimed to assess whether ipsilateral and bilateral high-frequency STN-DBS had different effects on seizure improvement. Continuous 130-Hz stimulation was used to identify the efficacy of ipsilateral/bilateral STN-DBS for motor seizure control (Figures 1E,F). A typical EEG and the corresponding power spectrum are shown in Figure 1G. EEG analysis demonstrated that both ipsilateral and bilateral stimulation significantly decreased the spike frequency (Figure 1H), amplitude (Figure 1I), and power spectral density (Figure 1J) of motor seizures. In addition, ipsilateral STN-DBS significantly prolonged the latency to GS, whereas bilateral stimulation significantly prolonged the onset of both FS and GS (Figures 1K,L). Meanwhile, ipsilateral/bilateral STN-DBS distinctly reduced the number of FSs and GSs (Figures 1M,N; Supplementary Figure S1D) but failed to prevent the development of the seizure stages (Figure 1O). Furthermore, the neurons in M1, STN, and SNr were activated after penicillin injection with c-Fos expression (Supplementary Figure S1E). Ipsilateral/bilateral STN-DBS significantly reduced the fluorescent intensity of c-Fos (Figures 1P,Q), suggesting that STN-DBS reversed the hyperexcitability of multiple brain regions affected by the motor epilepsy network. The above results suggest that both ipsilateral and bilateral high-frequency STN-DBS have similar effects in improving seizures in the mouse motor epilepsy model. Therefore, after various considerations of efficacy, cost, and convenience, ipsilateral 130-Hz STN-DBS was considered to be effective and was used in subsequent relevant experiments.



Activation of STN excitatory neurons amplifies seizure activities

To investigate the role of STN excitatory neurons (most of them being glutamatergic neurons) in seizures of motor epilepsy, we used an optogenetic approach to selectively stimulate Channelrhodopsin 2 (ChR2)-expressing excitatory neurons in the STN of CamKIIα-ChR2-eYFP mice (Figures 2A,B). Histological data confirmed the presence of eYFP-expressing neurons and an inserted optical fiber in the STN (Figure 2C). Representative EEG and power spectrum confirmed that blue-light stimulation (465 nm, 30 Hz, 10 ms, 10 mW, 180-s on–off cycle) amplified seizure activities in six mice, suggesting that activation of STN excitatory neurons can deteriorate seizures originating from M1. Yellow-light stimulation (589 nm, 30 Hz, 10 ms, 10 mW, 180-s on–off cycle), serving as the control stimulation, was associated with similar seizure activities as no-light stimulation (Figure 2D). Statistics analysis of EEG also revealed that mice in the ChR2 + blue light ON/OFF group (n = 5) had higher spike frequency (Figure 2E) and amplitude (Figure 2F) than those in the ChR2 + yellow light ON/OFF group; the effect was more pronounced especially during the initial few stimulations (within 30 min after injection). In addition, blue-light stimulation enhanced the spectral density and increased the number of FSs and GSs, while yellow-light stimulation had no effect, compared to no light (Figures 2G–I). Finally, the 180-s ON/OFF stimulation with blue light could significantly accelerate the seizure stages compared to yellow light (Figure 2J). Thus, the above results illustrate that driving STN excitatory neurons amplify seizure activities in the penicillin motor epilepsy model.
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FIGURE 2
 Optogenetic activation of the subthalamic nucleus (STN) excitatory neurons amplifies seizure activities in motor epilepsy. (A,B) Scheme and time course of the experiment for viral injection and photostimulation of motor epileptic mice. (C) Representative images of the STN, confirming the expression of CaMKIIα-ChR2-eYFP and location of the optic fiber. Scale bar = 100 μm. (D) Representative EEGs and corresponding EEG spectra power for focal seizure (FS) and generalized seizure (GS). Effects of optogenetic activation of the STN excitatory neurons on (E) spike frequency, (F) spike amplitude, (G) spectral power density, (H) number of FS, (I) number of GS, and (J) development of seizure stage. For panels (E,F,J), *p < 0.05, **p < 0.01, ***p < 0.001. Colored asterisk located at the right side of the curve indicates comparison through the entire period; colored asterisk located above the curve indicates comparison at the specific time point. The half-blue and half-yellow rectangles indicate photostimulation according to the groups. For panels (G–I), */#p < 0.05, **/##p < 0.01, ***/###p < 0.001. Asterisk indicates comparison with the ChR2 + no light group; pound symbol indicates comparison with the ChR2 + yellow light group. Data are presented as means ± SD. Detailed statistical methods and data are provided in Supplementary materials.




Inhibition of STN excitatory neurons attenuates seizure activities

To further test whether STN excitatory neurons are required for seizures of motor epilepsy, we introduced eNpHR into the STN of mice to selectively photo-inhibit STN excitatory neurons (Figures 3A,B). Histological data confirmed the expression of eNpHR-eYFP and the location of the fiber in the STN (Figure 3C). Figure 3D shows the typical EEG and power spectrum, indicating that yellow-light stimulation (589 nm, continuous, 10 mW, 180-s on–off cycle) attenuated seizure activities and blue-light stimulation (465 nm, continuous, 10 mW, 180-s on–off cycle) exerted similar effects as no light. Meanwhile, EEG analysis demonstrated that mice in the eNpHR + yellow light ON/OFF group (n = 6) had fewer spikes (Figure 3E) and lower spike amplitudes (Figure 3F) than those in the eNpHR + blue light ON/OFF group; yellow light significantly reduced the EEG power compared to blue light and no light in δ and β bands (Figure 3G). In addition, yellow light significantly reduced the numbers of FSs compared to no light and blue light, and significantly decreased the numbers of GSs compared to no light (Figures 3H,I). Finally, yellow light ON/OFF circulation slowed down the development of the seizure stages compared to blue light (Figure 3J). According to the evidence presented above, STN excitatory neurons bidirectionally regulate the magnitude of seizures in the motor epilepsy model. Activation of STN neurons amplifies seizures, while inhibition of STN neurons alleviates seizures.
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FIGURE 3
 Optogenetic inhibition of the subthalamic nucleus (STN) excitatory neurons amplifies seizure activities in motor epilepsy. (A,B) Scheme and time course of the experiment for viral injection and photostimulation of motor epileptic mice. (C) Representative images of the STN, confirming the expression of CaMKIIα-eNpHR-eYFP and location of the optic fiber. Scale bar = 100 μm. (D) Representative EEGs and corresponding EEG spectra power for focal seizure (FS) and generalized seizure (GS). Effects of optogenetic inhibition of the STN excitatory neurons on (E) spike frequency, (F) spike amplitude, (G) spectral power density, (H) number of FS, (I) number of GS, and (J) development of seizure stage. For panels (E,F,J), *p < 0.05, **p < 0.01. Colored asterisk located at the right side of curve indicates comparison with the entire period; colored asterisk located above the curve indicates comparison at the specific time point. The half-blue and half-yellow rectangles represent photostimulation according to the group. For panels (G–I), */#p < 0.05, **/##p < 0.01, ***/###p < 0.001. Asterisk indicates comparison with the eNpHR + no light group; pound symbol indicates comparison with the eNpHR + blue light group. Data are presented as means ± SD. Detailed statistical methods and data are provided in Supplementary materials.




STN-SNr circuit bidirectionally regulates seizures

Next, we aimed to test how STN neurons are involved in seizure regulation of motor epilepsy. Previous studies have found that frontal epilepsy originating from the supplementary motor area is more likely to activate dopamine D2 receptor-expressing neurons in the indirect pathway (Brodovskaya et al., 2021). Moreover, in the basal ganglia circuit, the downstream nuclear outputs of the STN are mainly through SNr and globus pallidus internus (GPi). Additionally, SNr, instead of GPi, has also been found to be closely related to a type of epilepsy. Therefore, we mainly explored whether the STN-SNr circuit plays an important role in motor epilepsy. The classic STN-SNr projections were briefly verified by anterograde and retrograde tracer AAVs (Supplementary Figures S1F,G).

Initially, we adopted a chemogenetic method to observe whether enhancing or suppressing the activity of STN-SNr projections can alleviate motor seizures. AAV-Ef1α-DIO-hM4Di/hM3Dq/(empty)-mCherry and AAV2-retro-hSyn-Cre were injected into the STN and SNr, respectively (Figures 4A,B). The first virus expressed hM4Di/hM3Dq, two designed G-protein-coupled receptors sensitive to the metabolite of clozapine, clozapine-N-oxide (CNO), and was usually employed to suppress/enhance neuronal activity (Urban and Roth, 2015). Histological data confirmed the mCherry-expressing neurons in the STN and SNr (Figure 4C). STN-SNr hM4Di/hM3Dq-mCherry mice received CNO (i.p. 1 mg/kg in saline vehicle) half an hour before penicillin injection (200 IU/μL, 1.0 μl) via the implanted cannula guide into the M1. STN-SNr hM4Di/hM3Dq-mCherry mice treated with saline or STN-SNr mCherry mice treated with CNO served as controls. The representative graphs of EEG and power spectrum are shown in Figure 4D. Chemogenetic suppression of STN-SNr projections substantially reduced spike frequency (Figure 4E), spike amplitude (Figure 4F), and EEG density (Figure 4G), prolonged latency to FSs (Figure 4H) and GSs (Figure 4I), lowered the number of FSs and GSs (Figures 4J,K) but failed to retard seizure progression (Figure 4L). Conversely, activation of the STN-SNr circuit significantly increased spike frequency (Figure 4E), spike amplitude (Figure 4F), and EEG density (Figure 4G) and shortened the latency to GSs (Figure 4I) but not FSs (Figure 4H). It also increased the number of FSs, GSs (Figures 4J,K; Supplementary Figure S3A) and accelerated the development of the seizure stages (Figure 4L). In addition, on the 7th day before and after the use of CNO/saline, tests without any drugs were conducted to further confirm the effect of chemogenetic inhibition/activation on motor seizure activities via self-comparison of the data before, at, and after the administration of CNO in each group. The results showed that mice in the mCherry + CNO group had similar seizure numbers and latency to FS at pre, CNO, and post time points (Supplementary Figures S2A–D). STN-SNr hM3Dq mice had more frequent seizures and shorter latency to FSs and GSs at the time of injection of CNO (Supplementary Figures S2E–H). Moreover, two mice died after CNO injection (Supplementary Table 1). HM4Di exhibited the opposite effects (Supplementary Figures S2I–L).
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FIGURE 4
 Effects of chemogenetic regulation of the subthalamic nucleus-substantia nigra pars reticulata (STN-SNr) circuit on motor epilepsy. (A,B) Scheme and time course of experiment. (C) Representative images of the STN and SNr, confirming the expression of virus. Scale bar = 100 μm. Left, STN; Right, SNr. (D) Representative EEG spectra power and raw EEG; below are enlarged raw EEG segments corresponding to the dotted boxes; red arrowheads indicate generalized seizure (GS) onset. Effects of chemogenetic regulation of the STN-SNr circuit on (E) spike frequency, (F) spike amplitude, (G) spectral power density, (H) latency to FS, (I) latency to GS, (J) number of FS, (K) number of FS, and (L) development of seizure stage. *p < 0.05, **p < 0.01, ***p < 0.001. Colored asterisk indicates comparison of the corresponding group and the mCherry + CNO group; black asterisk with two different colored horizontal lines to the left and right indicates comparison of the corresponding two groups. Data are presented as means ± SD. Detailed statistical methods and data are provided in Supplementary materials.


Second, to further verify whether photo-activation or photo-inhibition of STN-SNr projections can regulate seizure activity of motor epilepsy, we injected CamKIIα-ChR2/eNpHR/(empty)-eYFP into the STN and implanted an optic fiber into the SNr delivering intermittent blue/yellow-light stimulation to activate or inhibit the STN inputs to SNr (Figures 5A,B). Histological data confirmed the expression of eYFP in the STN and the location of the fiber in the SNr (Figure 5C). STN-SNr eYFP mice treated with blue/yellow-light or STN-SNr ChR2/eNpHR mice treated with no light served as controls. The typical EEG with power spectra found that ChR2 + blue-light stimulation (465 nm, 30 Hz, 10 ms, 10 mW, 180-s on–off cycle) deteriorated seizure activities, while eNpHR+ yellow-light stimulation (589 nm, continuous, 10 mW, 180-s on–off cycle) improved seizure activities (Figure 5D). Photo-activation of STN-SNr circuit increased spike frequency (Figure 5E), spike amplitude (Figure 5F), power spectral density (Figure 5G), and number of FSs (Figure 5H) and GSs (Figure 5I) and accelerated seizure progression (Figure 5J). Photo-inhibition exerted opposite effects, except that it did not significantly lower spike amplitude (Figures 5K–P). The aforementioned data show that STN-SNr projections modulate seizure severity in a bidirectional manner in motor epilepsy models, indicating that the anti−/pro-epileptic action was mediated by STN-SNr direct projections and not by the passing fibers.
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FIGURE 5
 Effects of optogenetic regulation of the subthalamic nucleus-substantia nigra pars reticulata (STN-SNr) circuit on motor epilepsy. (A,B) Scheme and time course of experiment. (C) Representative images of the STN and SNr, confirming the expression of virus and location of the optic fiber. Scale bar = 100 μm. Left, STN; Right, SNr. (D) Representative EEGs and corresponding EEG spectra power for focal seizure (FS). Effects of optogenetic activation of the STN-SNr circuit on (E) spike frequency, (F) spike amplitude, (G) spectral power density, (H) number of FS, (I) number of generalized seizure (GS), and (J) development of seizure stage. Effects of optogenetic inhibition of the STN-SNr circuit on (K) spike frequency, (L) spike amplitude, (M) spectral power density, (N) number of FS, (O) number of generalized seizure (GS), and (P) development of seizure stage. *p < 0.05, **p < 0.01, ***p < 0.001. Colored rectangles represent photostimulation. Data are presented as means ± SD. Detailed statistical methods and data are provided in Supplementary materials.




STN-DBS alleviates seizures by inhibiting the STN-SNr circuit

According to the above-mentioned results, we found that high-frequency STN electrical stimulation can exert a similar effect on the inhibition of STN excitatory neurons or STN-SNr circuit. Therefore, we speculated that STN-DBS can improve epileptic activity in mice by inhibiting STN-SNr projections. To understand how STN-DBS alleviates seizures in motor epilepsy mice, we implanted ipsilateral electrodes into the STN and simultaneously employed chemogenetic AAV with CNO to selectively activate the STN-SNr projections (Figures 6A,B). Histological data confirmed the DBS location and the mCherry-expressing neurons in the STN and SNr (Figure 6C). The representative EEG and the corresponding power spectrum are shown in Figure 6D. The EEG analysis demonstrated that, compared to sham-DBS, STN-DBS significantly decreased the spike frequency, amplitude, and power spectral density of motor seizures. In addition, similar to STN-DBS, STN-DBS + mCherry served as a vehicle control and showed a decrease in seizure activities, while mice in the STN-DBS + hM3Dq group showed almost no rescue effects and had significantly higher spike frequency (Figure 6E), amplitude (Figure 6F), and EEG density (Figure 6G) compared to those in the STN-DBS and STN-DBS + mCherry groups. In addition, STN-DBS significantly prolonged the latency to GSs, reduced the numbers of FSs and GSs, and delayed the development of behavioral seizure stages, with STN-DBS + mCherry exhibiting similar results. Conversely, mice in the STN-DBS + hM3Dq group had distinctly short latency to FSs (Figure 6H) and GSs (Figure 6I), higher numbers of FSs (Figure 6J) and GSs (Figure 6K; Supplementary Figure S3B), and more rapid development of seizure stages (Figure 6L) compared to those in the STN-DBS and STN-DBS + mCherry groups, except that there was no significant difference in the number of FSs between the STN-DBS + hM3Dq and STN-DBS + mCherry groups. Overall, we found that activation of the STN-SNr circuit can eliminate the benefits of high-frequency STN-DBS, suggesting that STN-DBS may improve seizure activity by inhibiting the STN-SNr circuit.
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FIGURE 6
 Deep brain stimulation of the subthalamic nucleus (STN-DBS) alleviates seizures by inhibiting the STN-substantia nigra pars reticulata (STN-SNr) circuit. (A,B) Scheme and time course of experiment. (C) Representative images of the STN and SNr, confirming the expression of the virus and the location of the electrode. Left, STN, Scale bar = 50 μm; Right, SNr, Scale bar = 100 μm. (D) Representative EEG spectra power and raw EEG; red arrowheads indicate generalized seizure (GS) onset. Effects of ipsilateral high-frequency (130 Hz) STN-DBS with chemogenetic activation of the STN-SNr circuit on (E) spike frequency, (F) spike amplitude, (G) spectral power density, (H) latency to FS, (I) latency to GS, (J) number of focal seizure (FS), (K) number of GS, and (L) development of seizure stage. *p < 0.05, **p < 0.01, ***p < 0.001. Colored asterisk indicates comparison of the corresponding group and the sham STN-DBS group; black asterisk with two different colored horizontal lines to the left and right indicates comparison of the corresponding two groups. Data are presented as means ± SD. Detailed statistical methods and data are provided in Supplementary materials.




Targeting SNr orexin receptors attenuates seizure activities

Since STN-DBS and optogenetic/chemogenetic inhibition of STN-SNr projections were sufficient for seizure rescue in motor epileptic mice, we examined whether a similar effect might be achieved using a molecular target. Orexin and its receptors are expressed in SNr (Korotkova et al., 2002; Li et al., 2019), and several studies found their important role in epilepsy (Zhu et al., 2015; Roundtree et al., 2016; Kordi Jaz et al., 2017). First, we reconfirmed the expression and co-localization of OX1R and OX2R in the SNr (Figure 7A). Next, to further explore the expression change of orexin and its receptors in the SNr following penicillin injection and STN-DBS, ELISA was used to detect the expression of OA and OB, considering their small molecular weight of 15kD. Western blot (WB) was used to evaluate the expressions of OX1R and OX2R. The results showed that the concentrations of OA and OB in the SNr were significantly increased after penicillin injection. STN-DBS reversed the enhancement of OA and OB in motor epilepsy mice, whereas sham-DBS had no effect (Figures 7B,C). Representative WB plot is shown in Figure 7D. Meanwhile, quantitative analysis found a similar expression change of OX1R and OX2R (Figures 7E,F). These data indicated that the expressions of orexin and its receptors are enhanced during seizures, and STN-DBS can reduce the expression of orexin and its receptors, which may cause reduced binding of orexin and its receptors. Next, we aimed to test whether the OX1R antagonist, SB-334867, and the OX2R antagonist, JNJ-10397049, could attenuate seizure activities in the motor epilepsy model (Figures 7G,H). A typical EEG and the corresponding power spectrum are shown in Figure 7I. EEG analysis demonstrated that selective inhibition of OX1R and dual inhibition of orexin receptors significantly decreased the spike frequency (Figure 7J), amplitude (Figure 7K), and EEG power (Figure 7L), while inhibition of OX2R failed to reduce spike frequency but lowered the spike amplitude and EEG power. In addition, for the behaviors, only dual inhibition substantially prolonged the latency to FSs (Figure 7M) and GSs (Figure 7N), decreased the numbers of FSs (Figure 7O) and GSs (Figure 7P; Supplementary Figure S3C), and delayed the seizure progression (Figure 7Q), while there was no statistically significant difference between OX1R antagonist or OX2R antagonist and vehicle. Together, these data indicate that targeting orexin receptors in SNr circuits may offer a potential therapeutic approach to alleviate seizure activities in motor epilepsy.
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FIGURE 7
 Modulating orexin receptors type 1 (OX1R) and 2 (OX2R) in substantia nigra pars reticulata (SNr) alleviates seizures. (A) Immunofluorescence analysis was performed using antibodies against OX1R (red) and OX2R (green) in brain sections of the SNr. Nuclei were fluorescently labeled with DAPI (blue). Representative image confirms the expression and co-localization of OX1R and OX2R in the SNr. Scale bar = 100 μm. Relative concentrations of (B) orexin A (OA) and (C) orexin B (OB) in the SNr, as detected by ELISA. Western blot analysis with (D) representative image and quantification of (E) OX1R and (F) OX2R levels in the SNr. *p < 0.05, **p < 0.01, ***p < 0.001. Gray asterisk indicates comparison of penicillin (PNC) and saline groups; black asterisk with black and orange horizontal lines to the left and right indicates comparison of the PNC + sham STN-DBS and PNC + real STN-DBS (ipsilateral, 130 Hz) groups. (G,H) Scheme and time course of the experiment for the efficacy of orexin receptor antagonists in motor epileptic mice. (I) Representative EEG spectra power and raw EEG; red arrowheads indicate generalized seizure (GS) onset. Effects of orexin receptor antagonist injection in the SNr on (J) spike frequency, (K) spike amplitude, (L) spectral power density, (M) latency to FS, (N) latency to GS, (O) number of focal seizure (FS), (P) number of GS, and (Q) development of seizure stage. *p < 0.05, **p < 0.01, ***p < 0.001. Colored asterisk indicates comparison of the corresponding group and the vehicle group. Data are presented as means ± SD. Detailed statistical methods and data are provided in Supplementary materials.





Discussion

Seizures that emerge from the motor cortex networks are associated with considerable impairment. Regrettably, the implicated brain areas and causative processes underpinning the neural circuits have not been adequately studied. We found that STN, a specific site within the interconnected cortico-subcortical network in sensory-motor integration and motor control, is involved in the propagation network of focal motor seizures. Furthermore, high-frequency electrical stimulation of the STN can profoundly alleviate the motor cortex epileptic activity, implying that the STN may be a preferable target of DBS for motor seizures. Additionally, by utilizing optogenetics and chemogenetics, we showed that selectively suppressing the excitatory neurons in the STN may be advantageous for seizure management, and the STN-SNr circuit-specific mechanism contributes to the causal underpinnings of motor seizures. This suggests that STN-SNr circuits play a crucial role in reducing seizures in motor epilepsy and that STN-DBS may lower motor seizure activity by inhibition of the STN-SNr projections (Figure 8). Finally, we discovered molecular targets capable of influencing the STN-SNr circuits and showed that orexin receptor antagonists that target SNr neurons rescue seizure activity (Figure 8). Taken together, we not only discovered the circuit pathways responsible for seizure activity in motor epileptic mice but also proposed that employing STN-DBS or orexin receptor antagonists capable of modulating STN-SNr circuits offers an attractive treatment for epilepsy originating from the motor cortex.
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FIGURE 8
 Schematic representation of the potential mechanism of action of deep brain stimulation of the subthalamic nucleus (STN-DBS) in motor epilepsy.


STN is a well-known clinical target for therapeutic neurostimulation in movement disorders, including Parkinson’s disease and dystonia (Benabid et al., 2001; Weaver et al., 2009; Ryvlin and Jehi, 2022; Xue et al., 2022). Because of its surgical accessibility, this structure might be a viable option for targeted epilepsy treatment. Although the significance of the STN in epilepsy has received less attention, there is still evidence for it. On the one hand, some small-scale pilot clinical investigations have found it to be effective in the treatment of seizures, particularly focal motor seizures. Benabid et al. initially reported a case of a 5-year-old girl with drug-resistant epilepsy who underwent unilateral high-frequency STN-DBS, which was associated with an 80% reduction in seizure frequency as well as improvement in motor and cognitive function over a 2.5-year follow-up (Benabid et al., 2002). Other minor, uncontrolled investigations have also revealed a > 50% decrease of seizures (Chabardes et al., 2002; Handforth et al., 2006; Lee et al., 2006). Ren et al. investigated the modulatory effects of STN-DBS at various stimulation frequencies in seven patients with refractory focal motor seizures. In particular, low-frequency (20 Hz) or high-frequency (100/130 Hz) stimulation increased or decreased epileptic activity produced from motor regions (Ren et al., 2020). On the other hand, some experimental studies based on rodent epileptic models also found that STN is a promising therapeutic target of electrical stimulation for suppressing seizures. Vercueil et al. observed that 130-Hz, 60-μs STN-DBS suppressed seizures in a rat model of genetic absence epilepsy but only with bilateral stimulation (Vercueil et al., 1998). In addition, Lado et al. demonstrated that 130-Hz stimulation of the STN increased seizure threshold in a flurothyl-induced epileptic model, while a higher frequency of 260 or 800 Hz had no effect or even lowered the threshold (Lado et al., 2003). Additionally, STN-DBS was found to be effective in blocking seizures in some other models, such as those developed using kainic acid injection (Usui et al., 2005) or amygdaloid kindling (Shi et al., 2006). In summary, consistent with previous studies, our study also found that high-frequency stimulation was effective for motor epilepsy, while low-and medium-frequency stimulation did not improve or alleviate seizure control. High-frequency stimulation parameters were not studied because most studies also focused on high-frequency stimulation at around 130 Hz. There is also some controversy regarding the effects of unilateral and bilateral stimulation. There were many inconsistencies in previous studies, with some reporting that both unilateral and bilateral stimulation are effective and others suggesting that only bilateral stimulation is effective. Our study found that unilateral (ipsilateral) STN-DBS could effectively reduce epileptic activity, and bilateral stimulation showed similar or even better efficacy, but there was no statistically significant advantage compared to unilateral STN-DBS. Accordingly, the current and previous studies have consistently proven the effectiveness of STN-DBS for the treatment of motor epilepsy. Although previous studies have only identified this phenomenon, the underlying mechanism of the effects of STN-DBS on epilepsy remains unclear. This was the focus of our study. This study is the first to illustrate the circuit and molecular mechanism of STN-DBS for the treatment of motor epilepsy.

With regard to the circuit, STN-SNr projections are part of the classical basal ganglia pathways. SNr is composed of approximately 90% GABAergic neurons and receives a monosynaptic glutamatergic input from the STN (Shen and Johnson, 2006; Deniau et al., 2007). SNr is a well-established nigral inhibitory system, and it has been identified to have a seizure gating function (Gale, 1988). There is adequate evidence that direct inhibition of the SNr, via GABAergic drugs, GABAergic cell transplant, electrical stimulation, or optogenetic silencing or lesioning, can suppress various seizure types in animals (Garant and Gale, 1983; Thompson and Suchomelova, 2004; Shi et al., 2006; Castillo et al., 2008; Tollner et al., 2011; Gey et al., 2016; Wicker et al., 2019). Meanwhile, some previous studies have found that inhibition of the STN and its monosynaptic glutamatergic input to SNr can attenuate seizure susceptibility (Dybdal and Gale, 2000; Usui et al., 2005; Backofen-Wehrhahn et al., 2018). In line with previous research, our study demonstrated that photo-inhibition of STN or photo−/chemo-inhibition of the STN-SNr circuit can satisfactorily attenuate motor FSs and secondary GSs in models with epilepsy arising from M1. Moreover, we found that when high-frequency STN-DBS plus chemogenetic activation of the STN-SNr pathway was used, the original improvement of electrical stimulation was canceled out, suggesting that STN-DBS may ameliorate seizures by regulating the excitability of the STN-SNr loop. This study revealed the partly circuit-related mechanism of improvement by STN-DBS in motor epilepsy. However, considering that this study only focused on STN-SNr projections, it is not known whether other projections of the STN are also involved in the improvement of epileptic activity by STN-DBS. In addition, it is necessary to further explore the downstream nucleus that is regulated by SNr and how it ultimately affects epilepsy.

In addition, orexin, another focus of this study, is secreted by a group of neurons in the hypothalamus that are located closest to the STN and project to the STN and SNr (Peyron et al., 1998). Several studies have found that the orexin pathway plays a vital role in various seizures (Samzadeh et al., 2020; Celli and Luijtelaar, 2022; Konduru et al., 2022). Previous studies have observed the expression and co-localization of OX1R and OX2R in the STN and SNr (Korotkova et al., 2002; Li et al., 2019). Therefore, we were naturally aware of whether the decrease of seizure activity by STN-DBS in motor epilepsy is related to the regulation of the orexin pathway. Our results show that STN-DBS can restore (downregulate) the elevated levels of OA, OB, OX1R, and OX2R associated with seizures in the SNr. Furthermore, antagonizing both OX1R and OX2R simultaneously can play a similar role as high-frequency STN-DBS and attenuate motor epilepsy. We identified the molecular targets that modulate the seizure activity in the STN-SNr circuit, which has the potential to be a drug target for the treatment of motor epilepsy.

Overall, our results demonstrate that high-frequency STN-DBS attenuates motor seizures via inhibition of the STN-SNr circuits. The orexin system plays a vital role during electrical stimulation, and orexin receptor antagonists have a therapeutic potential in suppressing motor seizure activities. This study contributes to a better understanding of the current network theory of epilepsy and the mechanism of STN-DBS.
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A product of the immediate early gene Arc (Activity-regulated cytoskeleton-associated protein or Arc protein) of retroviral ancestry resides in the genome of all tetrapods for millions of years and is expressed endogenously in neurons. It is a well-known protein, very important for synaptic plasticity and memory consolidation. Activity-dependent Arc expression concentrated in glutamatergic synapses affects the long-time synaptic strength of those excitatory synapses. Because it modulates excitatory-inhibitory balance in a neuronal network, the Arc gene itself was found to be related to the pathogenesis of epilepsy. General Arc knockout rodent models develop a susceptibility to epileptic seizures. Because of activity dependence, synaptic Arc protein synthesis also is affected by seizures. Interestingly, it was found that Arc protein in synapses of active neurons self-assemble in capsids of retrovirus-like particles, which can transfer genetic information between neurons, at least across neuronal synaptic boutons. Released Arc particles can be accumulated in astrocytes after seizures. It is still not known how capsid assembling and transmission timescale is affected by seizures. This scientific field is relatively novel and is experiencing swift transformation as it grapples with difficult concepts in light of evolving experimental findings. We summarize the emergent literature on the subject and also discuss the specific rodent models for studying Arc effects in epilepsy. We summarized both to clarify the possible role of Arc-related pseudo-viral particles in epileptic disorders, which may be helpful to researchers interested in this growing area of investigation.
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1. Introduction

It is known that a significant part (about 8%) of the cell genome in mammals is represented by endogenous retroviruses (ERVs), thus inheriting the ancient germ-line cell infections by retroviruses and the transmission of their genome to the descendants (1–3). While most ERVs are not replication-competent due to broken or tightly controlled viral genes, weakened control can activate ancient retroviral genes and their coded proteins in cancers and senescent cells (4, 5). Besides that, some also retain activity and are important biochemical players in everyday life. For example, ancient viral envelope proteins in the outer cellular layer of the placenta help fusion of the trophoblast cells and became a crucial element in allowing normal pregnancy (6, 7) others determine the fusion of muscle cells and muscle sexual dimorphism (8, 9). Unfortunately, many ERV-related proteins are also implicated in different neurological diseases (10, 11). However, there is not much information regarding their possible role in the pathogenesis of epilepsy.

Actively regulated cytoskeletal-associated (ARC) protein, a protein encoded by the ARC- gene, was characterized in the end of the last century (12, 13). ARC–protein is localized at the synaptic contacts of neurons, and its synthesis depends on the NMDA receptor. This protein plays a critical role in the molecular processes associated with learning and memory and may also serve as a marker of plastic changes in the brain (14, 15).

It is known that the epileptic activity of neurons depends on excitatory-inhibitory synaptic balance (16, 17). Some proteins are well-known regulators of excitatory gain: Pyk2 and Src kinase proteins are the part of NMDA receptor complex (18). PYk2/Src are direct effectors, triggered in active neurons, directly modulating hippocampal excitatory synapses (19). On the other hand, it was determined also that synaptic modulation depends on Arc protein (Activity-regulated cytoskeleton-associated protein, product of endogenous retroviral Arc gene) with recognized activity-dependent expression in neuronal synapses and its expression level is regulated by N-methyl-D-aspartate (NMDA) receptor activation (12). Recently, it was found that Arc protein forms full retrovirus-like capsid in synapses, and may transfer short RNAs from one cell to a post synaptic cell in this way later affecting synaptic morphology (20–22). Interestingly, Arc protein expression changes drastically during epileptic seizures (21, 23).

The study of Arc protein and its synaptic effects is a novel rapidly changing field, but this knowledge is of utmost importance to the understanding of epilepsy because it determines the balance of excitatory and inhibitory synaptic inputs to seizure-prone neurons and the stability of a neuronal network at whole. Here we summarize the emergent literature on this last subject, representing in bullet points Arc's known effects and properties, and then briefly reviewing Arc involvement in epilepsy and relevant experiments in rodent models.


1.1. Arc known properties

Mammalian Activity-Regulated Cytoskeleton-Associated protein (Arc, and its variants, products of immediate early Arc gene) is known for its exquisite importance for synapse maturation, synaptic plasticity, learning, and memory, while the dysregulation of Arc expression can have vast consequences for normal brain function, triggering aberrant wiring of neuronal circuits (24, 25). Arc/Arg3.1 mediates activity-dependent elimination of redundant climbing fiber to Purkinje cell synapses in the developing cerebellum (26). In glutamate neurons, following activation of the NMDA receptor, Arc mRNA became significantly upregulated in the nucleus before being transported to the dendrites for translation (12, 27). At postsynaptic sites Arc mRNA localizes in the PSD-95-NMDAR complexes and binds to inactive CaMKIIβ (not bound to calmodulin) (28, 29). Activation of calcium entry via ionotropic glutamate receptors, especially the NMDA subtype, during normal synaptic transmission and in seizures results in calmodulin-dependent dissociation of Arc mRNA from CaMKIIβ and PKA-dependent induction of Arc protein expression (29, 30). Later it happens that spines on dendrites, where Arc was produced, change their morphology increasing the spine density and proportion of thin spines, together with the endocytosis of AMPA receptors leading to decreased synaptic efficacy (21). Arc hyperexpression facilitates not only AMPA endocytosis but also downregulates transcription of the GluA1 subunit of the AMPA receptor which favors synaptic downscaling (31, 32). In this way, Arc participates in synaptic long-term potentiation and the consolidation of long-term memory (33). Interestingly, Arc transcription exhibited distinct temporal kinetics depending on the activation of excitatory inputs that convey functionally distinct information (34).



1.2. The mechanism of Arc protein function

Upon hyperexpression, in local dendritic compartments, Arc protein assembles into retrovirus-like capsids packing predominantly Arc mRNA. These capsids leave neurons wrapped in extracellular vesicles and can transmit mRNA to nearby cells (20, 22). Curiously, activation of metabotropic glutamate receptors (mGluR) facilitates Arc mRNA translation in capsid “infected” neurons (20, 22). Arc capsid-mediated transfection was not yet observed in the mammalian brain, but in mice, Arc expression in DRG neurons results in capsid formation modulating skin vasodilation (35). Arc mRNA transfer between cells can probably explain why after hyperactivity Arc accumulates not only in neurons but also in astrocytes, while it is originated from nearby neurons (27, 36, 37). Mammalian Arc protein lacks zinc fingers but has positively charged motifs binding polyanionic mRNA (38–40). This probably allows nonspecific packing of neuronal host mRNAs other than Arc mRNAs, because half of the RNAs encapsidated by retroviruses are host-derived RNAs (41). Extracellular vesicles are supposed to participate in the spread of different neurodegenerative pathologies over time in an activity-dependent manner via synaptic connections (42, 43). Generally, it looks probable that Arc capsids may mediate activity-dependent intercellular paracrine transfer of genetic information, which may alter neighboring cell response to network activity.



1.3. Arc protein forms virus-like particles and their history

Recently it became clear that Arc protein is not only some important regulatory synaptic protein but turns out to be repurposed retrotransposon protein that mediates intercellular mRNA transfer (22, 44, 45). This mechanism involves formation (mainly by glutamatergic neurons) and expression in their synapses of pseudo-viral, retrovirus-like particles (of about 60 nm diameter) made by Arc protein multimers, which encapsulates specific neuronal mRNA and then are trafficked across synaptic boutons (20, 46). The median part of the Arc protein sequence has similarity to modern retroviruses (for example HIV) Group-specific antigen (Gag). Like HIV Gag, Arc forms capsomeres (Figure 1) which self-assemble into capsids of about 30 nM in diameter, while the multimerization of Arc is mediated by its N-terminal helical coil motif (48–50). Arc protein ensembles form multiple capsomeres with symmetric pentameric structures (Figure 1), resembling some viral ion channels (48). Arc variants are found in both birds and humans, but not fish. It is hypothesized that Arc was inserted into the ancestral genome of all tetrapods (amphibians, reptiles, birds, mammals) around 350–400 million years ago. In humans, Arc is found in the greatest amount in brain structures associated with memory, which may be associated with synaptic plasticity and consolidation of memories (44, 51).


[image: Figure 1]
FIGURE 1
 What can be found in synapse: the diameter of glutamatergic synaptic vesicle (Left) is approximately 45–50 nM [model drawn according to cryo-EM data by Du et al. (47)]. dArc1 capsid (Right)—a viral-like particle made by polymerization of 240 Arc-protein formed capsomeres (47, 48).


Of course, virus-like transport of mRNA can be employed not only in long-term memory, and Arc can be presented better as a multifunctional signaling hub (52). For example, it was shown that Arc can transport mRNAs from mutated genes related to schizophrenia (53). Arc may also play a role in the immunity and activity-dependent β-amyloid generation (30, 54).



1.4. Evolution of Arc proteins

Evolutionary analysis shows that Arc is derived from a lineage of Ty3/gypsy retrotransposons, which are also ancestors to retroviruses, that have been repurposed during the evolution to mediate intercellular communication in the nervous system (20, 22). Thus, animals before tetrapods most probably use Ty3/gypsy variants for memory consolidation. On the other hand, the tetrapod Arc protein structure is similar to the one which has been found in Schizophora (true) flies (Dipteros), thus it may have been transferred to a common ancestor of these insects independently (22, 48). At least two Arc homologs (dArc1 and dArc2) are found in flies, which arose by genomic duplication of an ancestral dArc gene but were not detected in any other dipteran (e.g., mosquitoes) or protostome species (20, 22). In Drosophila Arc1 protein forms capsid-like structures that bind mRNA in neurons and are loaded into extracellular vesicles. These vesicles pass from motor neurons to muscles. The disruption of the transfer, in turn, blocks synaptic plasticity (20). Thus, the transsynaptic mechanism of mRNA transport involving retrovirus-like Arc- capsids and extracellular vesicles can be considered proven (55).

While Arc genes originated independently, they still share significant homology in the retroviral Gag domain, and thus the ability to form capsids. Interestingly, the protein participating in memory consolidation in fish retains some immunoreactivity to Arc (56). This domestication of proteins using transposable elements is a well-known phenomenon known as lateral gene transfer that can enrich the recipient and provide a mechanism for evolutionary flexibility (57, 58). About one-half of the mammalian genome consists of DNA with viral or transposon origin and about 8% belong to ancient retroviruses (2, 59). According to the Gene Expression Omnibus (GEO) database for gene expression profiling, the Arc gene was identified as a candidate gene involved in the pathogenesis of various neurological diseases, including epilepsy and a number of others, such as depression.




2. Possible involvement of Arc in the mechanisms of neuropsychic disorders


2.1. Human brain pathologies associated with ARC-protein

Actively regulated cytoskeletal-associated (ARC) protein, encoded by the ARC gene, was characterized at the end of the last century (12, 13). This protein is localized in the synaptic contacts of neurons, and its synthesis is dependent on the NMDA receptor's activity. This protein plays a critical role in the molecular processes associated with learning and memory and may also serve as a marker of plastic changes in the brain (15).

Impaired Arc protein synthesis is associated with various brain pathologies, including memory disorders, Alzheimer's disease, autism spectrum disorders, schizophrenia, and epilepsy (60–62). Arc cellular pathways have emerged as key regulators of synaptic plasticity, and are becoming known for being central players in genetic risk for many neural disorders (20).

Thus, in a study on a large sample of patients, it was shown that both rare mutations and epigenetic regulation of ARC contribute to the pathogenesis of schizophrenia, at least in some patients (20, 63). It has also been shown that small mutations affecting one or more nucleotides are extremely widespread among glutamatergic postsynaptic proteins, including proteins associated with ARC and NMDAR, regulated by synaptic activity. At the same time, genes affected by mutations in schizophrenia overlap with genes affected by mutations in autism spectrum disorders and some other brain pathologies (64).

Patients with epilepsy have an increased likelihood of experiencing psychotic symptoms, many of which are similar to those of depression. However, many psychiatric comorbidities, not just the symptoms of depression, are more common in patients with epilepsy (65). It remains an open question whether depression is a risk factor for the development of epilepsy.

Interesting results were obtained by measuring the level of Arc/Arg3.1 in the blood plasma of children with a diagnosed autism spectrum disorder (ASDs) (66). The average level of Arc/Arg3.1 protein in blood plasma in autism was significantly higher than in the control (healthy) group. However, no significant association was found between plasma Arc/Arg3.1 protein levels and measures of autism severity (66). This suggests that Arc/Arg3.1 can be used as an early biomarker for diagnosing autism (66).

Autism and Angelman syndrome (AS) share many common characteristics, although Angelman syndrome is not usually included in ASD (67, 68). Angelman Syndrome is a neurological disorder caused by a mutation of the E3 ubiquitin ligase UBE3A, a gene whose mutation is associated with autism spectrum disorders. In childhood, seizures are observed in approximately 80–90% of patients with AS (69). Arc is one of the target proteins of the UBE3A gene. Since Arc is involved in learning and memory, its expression directly affects the manifestation of AS, including the epileptic seizures, typical of this syndrome. But the function of UBE3A during nervous system development and how UBE3A mutations give rise to cognitive impairment in individuals with AS and ASDs remains unclear. Nevertheless, we know that experience-driven neuronal activity induces UBE3A transcription. UBE3A then regulates excitatory synapse development by controlling the degradation of Arc (67). Disruption of UBE3A function in neurons leads to an increase in Arc expression and a concomitant decrease in the number of AMPA receptors at excitatory synapses. This deregulation of AMPA receptor expression at synapses may contribute to the brain pathologies that occur in AS and possibly other ASDs (67). Most researchers agree that the genesis of epileptic seizures in AS has a complex genesis (17). It is known that in patients with AS, there is a global decrease in the volume of a number of subcortical structures and an increase in the volume of gray matter. The degree of the abnormality correlates with the severity of seizures, suggesting that the occurrence of seizures may be directly related to morphological changes in the brain (17).

Fragile X Syndrome (FXS) is one of the most common inherited forms of developmental delay (70). Epilepsy is reported in up to 20% of individuals with fragile X syndrome (71). It was shown that the FMR1 gene, which produces the FMRP protein is responsible for FXS. One of the biological manifestations of FXS is elevated levels of metabotropic glutamate receptor (mGluR)-dependent long-term depression (LTD), (mGluR-LTD) a type of synaptic plasticity which is characterized by a reduction in the synaptic response at the excitatory synapses and overexpression of several proteins including Arc (72, 73). This abnormal overexpression of Arc leads to increased endocytosis of AMPARs and increased mGluR-LTD. In addition, altered dendritic spine morphology was observed not only in animal models of FXS but also in humans with this disorder (70, 74).

Epilepsy does not have a clearly identifiable cause in about half of patients. Also, this disease can be associated with various factors, including various genetic abnormalities. Some types of epilepsy are linked to certain genes, but generally, genetic factors can make a person more sensitive to the mechanisms that cause seizures. In addition, epilepsy has a wide comorbidity with other brain pathologies. Thus, we most likely cannot speak about the direct responsibility of the genetic pathologies of Arc for the formation of one form or another of epilepsy in humans, but Arc can certainly be associated with epilepsy.



2.2. Expression of Arc protein in neurons activated by epileptic seizures

Arc depletion may affect memory loss in the post-ictal state. It is known that memory problems experienced by people with epilepsy are characterized by difficulty in retrieving episodes or events that happened before a seizure and even general semantic information (43). Genetic interference of activity-dependent Arc protein expression in the rat hippocampus impairs the maintenance of long-term potentiation and blocks the consolidation of long-term memory (33, 75). Can it be associated with the dysregulation of Arc protein expression during a seizure? It can be assumed that new methods of in vivo molecular imaging can help answer this question to some extent (76, 77).

Arc is an activity-dependent immediate early gene, its mRNA is translocated only to dendritic spines of active neurons where it is translated to Arc protein, which then multimerizes in capsids forming viral-like particles implanted with mRNA. Then in the form of viral-like particles, Arc-mRNA is loaded into extracellular vesicles and trafficked to postsynaptic boutons, participating in regulating dendritic spine morphology and the receptor content of glutamatergic synapses controlling synaptic plasticity changes and memory (20, 21, 31, 47, 78, 79). Notably Arc expression is augmented in synapses of recently activated neurons of the epileptic seizure focal zone but rapidly declines, probably due to dysregulation during aberrant neuronal overexcitation (80). For example, temporal lobe epilepsy originates from the mesolimbic network and provokes damage to the hippocampus including the dentate gyrus, which is very vulnerable to status epilepticus (81–83).

It is generally accepted that hippocampal sclerosis provokes the hippocampus to generate seizures resulting from the loss of interneurons and pyramids accompany the formation of recurrent synaptic circuits by dentate gyrus cells (DGC) (84, 85). Arc upregulation in DGC between seizures accompanies increased spine density which enhances excitatory input from the entorhinal cortex, which precedes the formation of recurrent mossy fiber synapses (80, 86). Conversely, hippocampal regions not affected by seizures preserve normal Arc expression (80).

Many authors studied the association between Arc expression and epileptogenesis. It is known that spine loss and other dendritic abnormalities occur in epilepsy which to some extent may be also associated with Arc (87). Of course, the Arc gene affects a whole galaxy of genes, and therefore the phenotypic consequences of its mutations are very diverse (21, 37, 88). Also, some genes and their products are necessary for Arc functioning and transport, and the disruption of these genes lead also to changes in neural net excitation (74).



2.3. Genetic studies of Arc expression during epileptogenesis

As part of the analysis of the role of Arc in epileptogenesis on clinical material, we analyzed the transcriptomic data from the National Center of Biotechnology Information (NCBI) public repository Gene Expression Omnibus (GEO) to evaluate the ARC expression in brain areas that are damaged in epilepsy (89). The RNA sequencing data were searched in the GEO Browser for the terms “epilepsy”, “epileptic”, and “seizure”. Afterward, we searched the GEO database for the terms “kainate”, “electroconvulsive”, and “pentylenetetrazol” to receive the data for the most common models of epilepsy. Each GEO dataset included in the analysis should meet the following criteria: (1) expression data in raw counts, fragments per kilobase per million mapped fragments (FPKM), or transcripts per million (TPM); (2) a clear explanation of sample origin (the datasets which comprise samples described like a “brain sample,” when the brain structure was not specified, were excluded); (3) at least three samples per study group; (4) the expression patterns were studied in brain structures, data for other tissues were excluded.

Four relevant datasets for the ARC expression pattern in human brain parts were mined (Table 1). In all datasets, only patients with temporal lobe epilepsy were included, and hippocampal structures were studied, except 17 neocortical temporal lobe samples in GSE134697. Further, no healthy or non-epileptic controls were included in the studies in the appropriate number (n ≥ 3) that did not allow for comparison of damaged tissues with normal tissues from healthy subjects.


TABLE 1 ARC expression in the temporal lobe samples of epileptic patients.

[image: Table 1]

No differences in ARC expression levels in mesial temporal lobe epilepsy patients with or without concomitant hippocampal sclerosis were identified in GSE71058 by an edgeR likelihood ratio test (Padj > 0.05) (93). Likewise, there were no significant differences in ARC expression levels between patients with low and high seizure frequencies in GSE127871. All data were count per million (CPM) normalized by edgeR package CPM function and demonstrated the congruent ARC expression levels (93). Applying the Expression Atlas recommendations, the expression levels may be interpreted as low expression (i.e. CPM between 0.5 and 10) or medium (CPM between 10 and 1,000) in all studied structures (94).

In mice, transcriptome modifications were studied in the hippocampus, neocortical structures, and cerebellum in genetic models of epilepsy (Table 2). No differences in Arc expression levels between control and study groups were identified in any study when likelihood ratio test (for raw counts) or empirical Bayes statistics eBayes function in limma package (for log 2 FPKM-normalized data) were applied (99). The only exception is the dramatic loss of Arc in the hippocampal transcriptome of mice lacking miR-22 during the epileptogenesis after kainate injection compared to the identically treated wild-type animals (Padj < 0.05). miR-22 loss results in an exacerbated epilepsy phenotype in kainate-induced epilepsy and is associated with the reduction of an inflammatory response at the transcriptional level (96).


TABLE 2 Arc expression in genetic models of epilepsy in mice.

[image: Table 2]

In contrast, the significant downregulation of Arc expression was identified in CA1 superficial layer in response to kainate treatment (Padj < 0.0019) in rats (Table 3). As well, Arc expression was downregulated in the dorsal subiculum (Padj < 0.0024) in response to the induction of acute seizures in rats by electric stimulation. No differences in Arc expression were identified between control and epileptic model rats when the whole hippocampus or corpora quadrigemina were studied. So, the demonstrated discrepancy between results revealed in mouse and rat models may be caused by expression examination in the whole hippocampus instead of the separated parts of this complex structure.


TABLE 3 Arc expression in non-genetic models of epilepsy in rat.

[image: Table 3]

Genetic studies of Arc expression during epileptogenesis in humans and animals are still rare to provide non-contradictory conclusions on Arc's role in seizure-related pathologies. According to available datasets for the Arc expression, only in mice and rats, but not in humans, the downregulation of Arc expression was revealed in response to seizures. Further accumulation of more detailed data on Arc expression in specific regions of the brain is likely to allow more specific conclusions to be drawn in the future.




3. Animal epilepsy model


3.1. Arc gene expression in rodent epilepsy models

Practically all rodent epilepsy seizure induction models affect Arc expression. In rodent models, Arc gene expression can be stimulated by practically any method which induces seizure activity in the brain, at least in the hippocampus and cortex, but Arc expression is time-dependent and the stimulation later turns to depression (80, 103, 104).

Initial hyperproduction of Arc can be seen in epilepsy models with kainate, D1-receptor agonists, 4-Aminopyridine (4AP), Bicuculline (Bic), and Forskolin, pilocarpine, pentylenetetrazole, kindling, activation of mGluR, electroconvulsive stimulation (Also Arc mRNA and proteins are rapidly induced in the striatum after acute cocaine administration (80, 105–111). Details on epileptic models inducing Arc expression are presented in Table 4.


TABLE 4 Animal epilepsy models and the role of Arc protein.
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Arc expression demonstrates complex behavior in seizure generation. The threshold of stimulation intensity (depolarization threshold) required for induction of Arc expression varies between brain regions (23). Particularly in the case of most intensive electroconvulsive stimulation, the proportion of Arc-positive neurons following seizures was highest in the dentate gyrus, intermediate in the CA3 region of the hippocampus, and lowest in the perirhinal cortex (23). In contrast, low-intensity seizure-inducing electrostimulation caused an opposite Arc expression profile (lowest in the dentate gyrus and highest in the perirhinal cortex), which indicates for Arc expression may be serving as a transcriptional threshold mechanism in CNS (23). Accordingly, Arc mRNA upregulation is positively correlated to seizure burst ratio, burst amplitudes, and length of paroxysmal episodes (80).



3.2. Rodent models with Arc knock-out

Peebles et al. studied spine morphology and the general stability of the glutamatergic neuronal network and found both dependent on Arc expression, employing a mouse model (21). They have confirmed that Arc expression leads to an increase in spine density, but generally decreases synaptic efficacy by reducing surface GluR1. Authors have shown that regulated synaptic strength in neuronal networks determined by Arc is very important for network stability. Studying kainite-elicited seizure activity in WT and Arc–/– mice, authors have shown that Arc–/– mice are more susceptible to kainite-elicited seizures and neuronal changes associated with epilepsy. Also, Arc–/– mice had aberrant spontaneous cortical network discharge activity, highly associated with epilepsy (21). On the other side, prenatal or perinatal deletion of Arc/Arg3.1 alters cortical network activity without excessive disruption of the balance of excitation and inhibition in the brain (88). Furthermore, Arc knockouts elevate AMPA receptor level expression in some brain regions including the nucleus accumbens which reduces the symptoms of epilepsy-associated pathologies (109). Pilocarpine-induced temporal lobe epilepsy causes a time-dependent decrease in Arc expression in hippocampal tissue (121).

Epilepsy is prevalent and often medically intractable in Angelman syndrome (AS). There are different models of AS. AS mouse models associated with UBE3A gene-deficient function (UBE3Am-/p+) shows reduced excitatory neurotransmission but a lower seizure threshold. Genetically decreased Arc expression additionally reduces abnormal EEGs and seizures in mice with Angelman syndrome associated with UBE3A gene-deficient function, because both Arc and UBE3A regulate surface expression of AMPA receptors. In another AS model, the so-called fragile X syndrome (FXS) mouse model, on the contrary, increased Arc is responsible for seizure phenotype (68, 114).

Comorbidity of schizophrenia and epilepsy are relatively common in clinical practice and animal models. Two different models of schizophrenia with seizures were developed, conditional KO (late-cKO) mice, in which Arc/Arg3.1 was deleted during late postnatal development, to investigate the causal relationship between Arc/Arg3.1 deletion and schizophrenia-linked neurophysiological and behavioral phenotypes. Nevertheless, in an animal study genetic deletion of Arc/Arg3.1 per se did not cause schizophrenia-like behavior, and a significantly higher dosage of kainic acid was required to elicit epileptic seizures in the KO mice (88). This completely contradicts the results obtained in another model of Arc/Arg3.1 knockout mice by Managò et al. showing genetic mutation disrupting Arc produced a hyperactive phenotype and amphetamine supersensitivity consistent with rodents' correlates of schizophrenia-like symptoms (120). The authors also describe important differences in the dopaminergic system in KO and wild-type mice. Most likely, this inconsistency can be explained by the different strategies used to create the two knockout mouse models.




4. Discussion and conclusion

The literature sources cited unanimously emphasize the paramount significance of Arc protein in regulating synaptic strength [reviewed by Zhang and Bramham (122)], which in turn determines the stability of the neuronal network, thus affecting epileptic seizure susceptibility (Figure 2) (21, 122). While the established mechanism of Arc-mediated influence relies on presynaptic NMDA-receptor mediated ionic currents in the glutamatergic pathway, it is also the primary mechanism that exerts direct cross-synaptic influence over postsynaptic spines morphology and their AMPARs (21). These spines are typically found at the postsynaptic site of most excitatory synapses in the mammalian brain and may be present on excitatory as well as inhibitory neurons (123). This implies that changes in Arc-protein-mediated activity can potentially affect the excitatory-inhibitory balance of the neuronal network, either reducing seizure threshold and promoting stability or inducing lability (88, 114).
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FIGURE 2
 Arc mediated changes of seizure susceptibility. (1) Elevated Arc expression in epileptic focus weakens external AMPA-mediated excitatory influence. (2) Arc expression also decreases excitatory feedback to inhibitory neurons.


These two possibilities are represented by the potential Arc-mediated changes (Figure 2). The primary known effect of the Arc protein is to decrease the strength of excitatory synapses, which could potentially reduce the destabilizing flow of excitatory signals to the existing epileptic focus or decrease auto-excitation by reducing internal excitatory connections (1). Conversely, Arc-mediated changes could also decrease excitatory feedback to inhibitory neurons, thereby reducing their inhibitory influence on the existing epileptic focus (2).

Arc knockouts will remove such effects: the literature reviewed and knockout experiments consistently show this two-sided effect on seizure susceptibility, if some existent epileptiform activity is present. While Arc definitely is activated in neurons participating in epileptic discharges, there is no evidence of the direct induction of epilepsy by Arc-protein mediated mechanisms.

These allow us to conclude that Arc activity-regulated expression directly participates in seizure susceptibility. Also, epileptic activation of Arc-mediated changes during the seizure may affect memory consolidation and many other important neuronal functions in epilepsy.
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Epilepsy is a chronic neurological disease characterized by abnormal brain activity, which results in repeated spontaneous seizures. Sudden unexpected death in epilepsy (SUDEP) is the leading cause of seizure-related premature death, particularly in drug-resistant epilepsy patients. The etiology of SUDEP is a structural injury to the brain that is not fully understood, but it is frequently associated with poorly controlled and repeated generalized tonic–clonic seizures (GTCSs) that cause cardiorespiratory and autonomic dysfunctions, indicating the involvement of the brainstem. Both respiratory and cardiac abnormalities have been observed in SUDEP, but not much progress has been made in their prevention. Owing to the complexity of SUDEP, experimental animal models have been used to investigate cardiac and/or respiratory dysregulation due to or associated with epileptic seizures that may contribute to death in humans. Numerous rodent models, especially mouse models, have been developed to better understand epilepsy and SUDEP physiopathology. This review synthesizes the current knowledge about dilute brown agouti coat color (DBA/2) mice as a possible SUDEP model because respiratory arrest (RA) and sudden death induced by audiogenic generalized seizures (AGSs) have been observed in these animals. Respiratory/cardiac dysfunction, brainstem arousal system dysfunction, and alteration of the neurotransmitter systems, which are observed in human SUDEP, have also been observed in these mice. In particular, serotonin (5-HT) alteration and adenosine neurotransmission appear to contribute to not only the pathophysiological mechanisms of medication but also seizure-related respiratory dysfunctions in this animal model. These neurotransmitter systems could be the relevant targets for medication development for chronic epilepsy and SUDEP prevention. We reviewed data on AGSs in DBA/2 mice and the relevance of this model of generalized tonic–clonic epilepsy to human SUDEP. Furthermore, the advantages of using this strain prone to AGSs for the identification of possible new therapeutic targets and treatment options have also been assessed.
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Introduction

Epilepsy is a chronic and debilitating neurologic disease with a high prevalence, which may substantially impair the quality of life. It is associated with cognitive decline and other neuropsychiatric comorbidities, as well as pharmacoresistance development, contributing to increased mortality (1). Sudden unexpected death in epilepsy (SUDEP) is the most frequent cause of epilepsy-related death in drug-resistant epileptic patients, and repeated generalized tonic–clonic seizures (GTCSs) are associated with SUDEP, leading to insistent brain activity damage and enhanced sympathetic activation (2). Seizure activation can propagate to distinct subcortical structures via synaptic connections or, more likely, via spreading depression, which can alter brainstem activity and impair cardiorespiratory function (3). The risk of sudden unexpected death is estimated to be 20 times higher in epileptic patients than in the general population (4). For treating SUDEP, new therapeutic treatments are needed to reduce disease progression and show efficacy against drug-resistant epilepsy, reducing the risk of SUDEP.

Given the unpredictable nature of SUDEP, it is difficult to study the mechanisms by which seizures propagate and impair brainstem function, producing the cardiorespiratory effects that induce it. Significant progress has been made in understanding the SUDEP mechanisms through clinical and experimental studies. Nevertheless, the etiology and pathogenesis of SUDEP are incompletely understood (1, 5). Different clinical and animal studies have indicated that SUDEP occurs due to multifactorial factors and that seizure-induced respiratory dysfunction, together with brainstem system dysfunction and neurotransmitter dysregulation, plays an important role in the mechanism of SUDEP in human and rodents (1, 6).

Genetic factors, such as channelopathies, or susceptibility to heat or audiogenic-induced seizures also contribute to increased predisposition to SUDEP in animal models (7). Studies on genetic mouse models allow for a better understanding of the pathophysiological modifications that lead to SUDEP (5). Usually, mouse models of sound-induced audiogenic generalized seizures (AGSs) are used to study the underlying mechanisms of SUDEP, with the aim of treating and preventing respiratory arrest (RA) due to AGSs (7). In audiogenic susceptible mice, intense auditory stimulation produces severe reflex tonic–clonic seizures that can frequently be lethal, mimicking those observed in human (8). The dilute brown agouti coat color (DBA/2) mice are a model well-established for audiogenic reflex epilepsy induced by sound stimulation, and they were used to investigate new antiseizure medications (ASMs) (9). These mice were also employed in the SUDEP model since they showed generalized convulsive seizures followed by respiratory arrest, which subsequently led to cardiac arrest and sudden death, similar to what is observed in human SUDEP (6, 10). Studies on DBA/2 mice have investigated drugs that reduce immediate RA and seizure-induced death (11). We reviewed the literature with information about DBA/2 mice as a model of SUDEP. We also reviewed the neuronal and biochemical mechanisms of reflex epilepsy and SUDEP, as well as the development of better treatment options.



SUDEP in epilepsy

SUDEP refers to an unexpected, non-traumatic death in children and adults with epilepsy, where postmortem examination does not reveal any anatomical or toxicological cause of death, including drowning (12, 13). Among the most important risk factors for SUDEP are uncontrolled or frequent GTCSs, the duration of epilepsy, prone position at the time of death, young age of first seizure, male sex, neurological comorbidities, polytherapy, ion channel or arrhythmia-related gene mutations, cardiac-respiratory dysfunction, intellectual disability, nocturnal seizures, and non-adherence to ASMs (12, 14). Severe GTCS with a frequency of >3/year have been clarified to induce changes in autonomic functions, resulting in the impairment of respiratory and cardiac functions and predisposing to SUDEP (1).

The incidence of SUDEP is estimated to be 24 times higher in epileptic patients than in the general population, with 1.16 cases per 1,000 epileptic patients per year, and the rate is higher in patients with refractory epilepsy (15). Furthermore, SUDEP reportedly affects all age groups, and its incidence is considered to be less common in young children than in adults, excluding rare diseases such as epileptic syndromes or genetic epilepsies (16). Recently, the risk of SUDEP in children has been found to be potentially greater than that in previous years (from 0.13 to 3.3 per 1,000 patients), especially in children with an increased severity of epilepsy in terms of frequency and type of seizures. Pediatric-specific risk factors include developmental delay and intellectual disability, structural abnormalities, and multiple ASM therapy (17).

The risk of SUDEP was markedly increased in children with genetic epilepsies, Dravet syndrome due to mutations in the SCN1A, SCN8A encephalopathies, or DEPDC5 gene mutation-related epilepsy (18–20). However, the incidence of SUDEP in children and young people with epilepsy remains indeterminate because it varies depending on age range, type of epilepsies, epileptic syndromes, or genetic epilepsies, as well as the follow-up period and diagnosis (18). Successive cohort studies have suggested that the incidence of SUDEP is similar between adults and children (i.e., 1.2 per 1,000 people per year), although the incidence may be underestimated in children due to non-epilepsy-related deaths, as a post-mortem/autopsy is often not performed (21). To date, the exact incidence of SUDEP within subgroups of childhood epilepsy is not known.

All the SUDEP cases died at an early age (generally 10–40 years), particularly, patients with intellectual impairment, refractory epilepsy, and poorly controlled epilepsy with a high frequency of GTCS and nocturnal seizures. Studies have suggested a slight male predominance, with the male-to-female ratio being 229:159 (13, 22).



DBA/2 mouse

The DBA/2 inbred strain is genetically susceptible to AGSs, evoked by excessive auditory stimulation. AGSs consist of generalized reflex clonic–tonic convulsions, followed by seizure-induced respiratory arrest (S-IRA) (23). These events, observed in clinical SUDEP, make DBA/2 mice relevant models of SUDEP (23, 24). This strain has been well-described both phenotypically and genetically (9). In DBA/2 mice, the susceptibility to AGSs varies with age when exposed to intense auditory stimulation (100–120 dB), being maximal between 21 and 28 days of age and then reduced or absent at 40–45 days (25). After intense sound stimulation, DBA/2 mice show seizure sequences characterized by brainstem-dependent wild runs and jumps, followed by clonic seizures characterized by violent convulsions and muscle spasms and, subsequently, tonic seizures characterized by muscle rigidity, culminating in S-IRA, cardiac dysfunction, and death. In DBA/2 mice, death occurs following an excessive tonic phase with hindlimb extension but not from clonic seizures (7), indicating that the tonic phase is probably responsible for S-IRA. Respiratory arrest is fatal unless the death is prevented through oxygenation or mechanical ventilation (26).

In ~75% of these mice, AGSs are followed by RA, while the remaining 15% of DBA/2 mice exhibit AGSs without RA, indicating that they spontaneously recover from RA post-AGSs (25, 27). In DBA/2 with S-IRA, while RA is the main cause of death, electrocardiographic activity can be detected for ~5 min after RA, suggesting that cardiac changes occur later (28).

The severity and susceptibility of the seizure to S-IRA decrease after 5 weeks of age due to hearing loss, with hearing thresholds elevated by 15–20 dB (29). This hearing loss may be due to the loss of sensory hair cells, the loss of spiral ganglion neurons, or striatal atrophy (30, 31). Progressive hearing loss has also been attributed to mutations in Cdh23 and Fscn2 (32, 33).

DBA/2 mice are the first example of polygenic heredity in which several mutations can be related to AGSs. More specifically, three loci, including Asp1, Asp2, and Asp3, located on chromosomes 12, 4, and 7, have been correlated with AGSs (34–36). In particular, Asp1 and Asp2 loci seem to be responsible for the manifestations of AGSs (35). These loci are also involved with the regulation of Ca2+-ATPase activity, which is important for synaptic function and neurotransmitter release from synaptic vesicles (34).

DBA/2 mice also express an astrocyte-specific Kcnj10 deletion that has been shown to disrupt the activity of inward rectifying potassium (Kir) 4.1 channels and uptake glutamate (37); this results in low seizure threshold of audiogenic mice compared with the seizure-insensitive C57BL/6J mice (38).

Consequently, Kcnj10 gene polymorphism could play an important role in seizure-threshold differences between DBA/2 and C57BL/6J mice (37). DBA/2 mice are homozygous for allele 1473G and have a lower serotonin (5-HT) synthesis rate compared with C57BL/6J mice; this polymorphism, which alters brainstem serotonergic neurotransmission, contributes to AGSs and S-IRA in these mice (39, 40).



Pathophysiology of audiogenic seizures in DBA/2 mice

The production of AGSs resides in the interaction of brainstem sensory-motor structures in DBA/2 mice (27). In response to intense sound stimulation, a small population of hyperexcited neurons, which are located at the level of the inferior colliculus (IC) of the midbrain, induce the initiation and propagation of AGSs (8, 41). Thus, the IC is considered to be a crucial structure for AGSs onset, but other subcortical structures such as the rostral and medial subcortical regions may be involved (42), resulting in clonic and tonic seizures. These AGSs subsequently exert a negative effect on breathing, inducing S-IRA (41, 43). Studies on DBA/2 mice show that AGSs inhibit the ponto-medullary respiratory control network responsible for breathing control, which leads to apnea or respiratory arrest followed by asystole and death (44).

A key role of the IC in AGSs in DBA/2 mice has been shown by an experimental study, in which bilateral lesions of IC either eliminated or reduced AGS, whereas spreading depression of the cortex either increased latencies or decreased the severity but did not fully abolish AGSs (41). This does not seem to be due to the interruption of sensory input to the cerebral cortex because lesions of other relay nuclei fail to block AGSs (41). Studies based on fos immunochemistry have confirmed that the onset of AGSs is due to enhanced activity within the IC (45). The superior colliculus (SC) is an important modulatory structure in the network of AGSs, and its role is supported by the incomplete attenuation of AGSs through SC lesions (41). Epileptic foci have been also found in the cortex of DBA/2 mice, suggesting an involvement of cortical activities in the generation of AGSs (46). MEMRI data have demonstrated in DBA/1 mice, another model of AGS, changes involving various subcortical structures, such as the superior olivary complex (SOC) of the brainstem, the periaqueductal gray complex, and the amygdala, during AGS. In DBA/1 mice, pathways starting from the SOC play a key role in the neuronal network involved in audiogenic seizures; similarly, in DBA/2 mice, neuronal circuits in the brainstem, spinal cord, and all subcortical areas could also be important (47, 48).



Alteration of neurotransmissions in DBA/2 mice

The susceptibility and severity of AGSs in DBA/2 mice involved several neurotransmitters, such as serotonin (5-TH), adenosine, norepinephrine (NE), dopamine (DA), acetylcholine, glutamate, and GABA (56) (Table 1). Among these neurotransmitters, the serotonergic system is responsible for the generation and transmission of the respiratory rhythm in the brainstem (57), as well as in the modulation of epileptic seizures (58, 59). Accordingly, dysfunction in the brainstem 5-HT system, which results in impaired synaptic transmission and alterations in the expression of 5-TH receptors, is involved in respiratory dysfunction and is associated with a more severe respiratory phenotype in DBA/2 mice (25, 47). These mice generally have lower 5-HT tissue levels than C57/L6 control mice, and the lack of serotonergic signaling of raphe neurons contributes to their increased susceptibility to seizures and RA (39, 60, 61). Therefore, a reduction in 5-TH levels is believed to be responsible for increased seizure susceptibility, while the administration of its precursor 5-hydroxytryptophan (5-HTP), which increases 5-TH brain levels, can attenuate the propagation of AGSs in DBA/2 mice (62). Furthermore, 5-THP has also been found to counteract the reserpine-induced increase of AGSs in DBA/2 mice (63). Alterations of the serotonergic system may also be associated with a more severe respiratory phenotype because DBA/2 mice with fatal RA showed higher levels of tryptophan hydroxylase 2 (TPH2) and serotonin transporter (SERT) than DBA/2 mice with non-fatal RA (44). In addition, DBA/2 mice showed altered expression of 5-HT receptors in the brainstem respiratory nuclei compared with C57BL/6J mice, with diminished expression of 5-HT2C, 5-HT3, and 5-HT4 receptors in the rostral ventral medulla respiratory region and enhanced expression of 5-HT2B receptors (11, 40). The changes in the brainstem 5-HT receptor expression are consistent with the increase of excitation mediated by 5-HT2B elevated expression, and the decrease of inhibition is mediated by decreased 5-HT2C expression; these changes are associated with susceptibility to AGSs and S-IRA in DBA/2 mice (40, 64). Antagonist compounds of 5-HT1C, 5-HT3, 5-HT4, and 5-HT7 receptors had anticonvulsant effects, increasing the latency of AGSs and decreasing the severity of seizures (65, 66), while antagonist compounds of 5-HT2 receptors increased the S-IRA incidence following seizures in DBA/2 mice (25).


TABLE 1 Effects of different monoaminergic receptors on the pathogenesis of SUDEP in DBA/2 mice.
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Furthermore, the decrease of AGSs has been found with an inhibitor of tryptophan hydroxylase, parachlorophenylalanine (PCPA), or 5-HT receptor antagonists (66, 67). Therefore, reduced 5-TH neurotransmission due to depletion of the reserve or antagonism of 5-HT receptors are factors that may exert protection against AGSs in DBA/2 mice (40).

Owing to the effects exerted by 5-HT on respiration and seizures, it can be suggested that drugs that enhance the activity of this neurotransmitter might be useful in SUDEP prevention. Consequently, treatment with fluoxetine, a selective serotonin reuptake inhibitor (SSRI), has been found to be effective in preventing S-IRA and death, without affecting the severity of AGSs in DBA/2 mice (25).

Furthermore, the administration of fluoxetine at higher doses was able to reduce the occurrence of tonic seizures preceding the S-IRA (25). Additionally, the combined administration of serotonin uptake inhibitors and monoamine oxidase-A (MAO) inhibitors diminished AGSs in DBA/2J mice (62). On the contrary, the administration of cyproheptadine, a non-selective 5-HT receptor antagonist, increased susceptibility to S-IRA in 10% of DBA/2 mice, confirming further involvement of the serotonergic system in S-IRA (25). Therefore, genetic alterations of the 5-HT system, such as specific 5-HT receptor subtype expression abnormalities or reduced levels of the 5-HT-synthesizing enzyme tryptophan hydroxylase, can be responsible for the susceptibility to S-IRA of DBA/2 mice (40, 47).

Adenosine is another neurotransmitter that exerts its action on the respiratory centers of the brainstem, and an increase in its levels, induced by seizures, may contribute to SUDEP (68). From this neurotransmitter, that serotonin and adenosine show the opposite effects on respiratory suppression. While elevated serotonin levels in the brainstem can prevent S-RIA and death in DBA/2 mice, overstimulation of adenosine receptors in the brainstem can induce respiratory arrest (28). Some studies have shown that molecules such as caffeine, a non-selective adenosine receptor antagonist, or SCH 442416, an A2A receptor antagonist, decrease the occurrence of S-IRA in DBA/2 mice. Other studies have demonstrated that DPCPX, a selective adenosine A1 antagonist, did not alter S-IRA, suggesting that excessive A2A receptor activation makes DBA/2 mice more vulnerable to S-IRA (28, 69). The inhibition of adenosine metabolism by pretreatment with 5-iodotubercidin (5-ITU) increased the susceptibility to S-IRA of DBA/2 mice, which initially displayed only AGSs, indicating that excessive adenosine signaling may contribute to seizure-induced death in these mice (28). Reduced brain levels of NE and DA are also responsible for increased AGS susceptibility (51). Generally, DBA/2 mice show lower levels of NE and DA in the brain than C57BL/6J mice; the administration of Levodopa (L-DOPA) was found to attenuate AGS in DBA/2 mice by increasing the brain levels of these neurotransmitters, particularly DA, which is the active principle formed from L-DOPA (51, 70).

In addition to L-DOPA, dopaminergic receptor agonists, such as apomorphine and other related compounds, showed protection against AGS in DBA/2 mice (71).

Alterations in the glutamatergic and GABAergic neurotransmission are also involved in the generation of AGS in DBA/2 mice (9, 72). Regarding glutamatergic neurotransmission, an increased NMDA-mediated glutamate release has been found to occur in 21–30-day-old DBA/2 mice through a nitric oxide (NO)-mediated mechanism (73). At this age and following audiogenic stimulation, the enhanced NO generation in DBA/2 mice was 2-fold compared with DBA/2 mice, which were not exposed to acoustic stimulation, indicating the involvement of NO in the occurrence of AGS (74). The antagonists of ionotropic and metabotropic glutamatergic receptors exerted inhibitory effects on AGS, supporting the involvement of glutamatergic neurotransmission (75–78). In particular, a functional NMDA-mediated upregulation responsible for the generation of AGS has been shown in DBA/2 mice, and the administration of an antisense probe for the NMDA receptor (NR1 subunit) has been shown to induce a complete suppression of AGS, accompanied by a small (20%) reduction in the NMDA receptor levels (79).

A deficit of GABAergic neurotransmission, in IC neurons, is also implicated in the AGS susceptibility of DBA/2 mice (80), and drugs that increase GABA concentration or mimic its postsynaptic actions reduced the occurrence and severity of AGS (81, 82). In DBA/2 mice at various ages, before, during, and after the period of maximal AGS, no changes in brain GABA concentration and glutamic acid decarboxylase (GAD) activity were found, which means that the susceptibility to AGS does not result from the reduced ability to synthesize and store GABA (83). Instead, lower binding sites for GABA in the brain of DBA/2 mice, compared with other non-susceptible strains, have been reported (84), and this reduction has been correlated with the age of susceptibility seizures (83). However, the affinities of these binding sites were found to be higher in DBA/2 mice than in control mice of the same age (85, 86). Studies on receptor binding, chloride flux, and response to GABAA receptor drugs have suggested GABAA receptor alterations in DBA/2 mice (53–55). In particular, a decreased density of benzodiazepine 3H-flunitrazepam binding sites in 28- to 29-day-old DBA/2 mice has been reported, suggesting a delayed development of these binding sites (85). Other studies have found an increase in benzodiazepine 3H-flunitrazepam binding sites in DBA/2 mice (at ~22 days of age) compared with age-matched C57BL/6J mice (87). For these reasons, the use of GABAA agonists, GABA transaminase inhibitors, and some inhibitors of GABA reuptake may be useful in reducing the incidence and severity of AGS in DBA/2 mice (85, 88–90). An indirect involvement of GABA neurotransmission in AGS in DBA/2 has been also suggested by another study, in which gastrin-releasing peptide (GRP), a selective agonist for the BB2 subtype of bombesin receptor, was able to reduce AGS in audiogenic DBA/2 mice, probably through an increase of GABAergic function (91) (Figure 1).
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FIGURE 1
 Schematic representation of the neuronal network and mechanisms of autonomic central cardiorespiratory dysfunction during seizure following audiogenic stimulation in DBA/2 mice.


In addition to neurotransmitters, synaptic hyperactivity and the sustained increase in circulating catecholamines are also involved in AGS and S-IRA; repeated induction of generalized seizures in DBA/2 mice can lead to Ca2+ overload and oxidative stress, which trigger mitochondrial dysfunction by generating reactive oxygen species (ROS) with consequent cardiomyocyte death (92–94).



Efficacy studies of different drugs on AGS in DBA/2 mice

DBA/2 mice have been widely used not only as a genetic model of generalized reflex epilepsy but also for screening novel compounds to predict the clinical utility of novel treatments for drug-resistant epilepsy (78, 95).

All clinically used ASMs (carbamazepine, oxcarbazepine, felbamate, gabapentin, lamotrigine, phenytoin, phenobarbital, ethosuximide, levetiracetam, topiramate, valproate, brivaracetam, and perampanel) have shown efficacy against AGS in DBA/2 mice (9, 95–97) (Table 2).


TABLE 2 ED50 values (±95% confidence limits) of some ASMs against audiogenic seizures in DBA/2 mice.

[image: Table 2]

In addition, different studies have demonstrated the efficacy of classical benzodiazepines and their derivatives, 1,4- benzodiazepines and 1,5-benzodiazepines (82, 102). The different degree of anticonvulsant activity appears to be related to the benzodiazepine binding affinity (inhibition of [3H]flunitrazepam binding) (82, 89, 102). Compounds blocking the uptake of GABA (ethyl nipecotate and nipecotic acid) into neurons or glia and structurally diverse positive allosteric modulators of GABAB receptors showed protection against AGS in DBA/2 mice (81, 103). Compounds that block excitatory neurotransmission by acting as antagonists at the NMDA and AMPA receptors showed the anticonvulsant effects in DBA/2 mice (75, 104).

Riluzole, a drug approved for the treatment of amyotrophic lateral sclerosis, was found to be protective against AGS in DBA/2 mice, with full protection against sound-induced tonic extension; this effect is reportedly due to the interaction of riluzole with glycine/NMDA and AMPA/kainate receptors (105).

Co-treatment of topiramate (TPM) with L-type Ca2+ channel modulators (nifedipine and Bay k 8644) or with AMPA/kainate receptor antagonists (NBQX and CFM) showed protection against tonic and clonic seizures in audiogenic mice (106).

The anticonvulsant effects of various other compounds, such as substances that enhance the 5-HT system (107), ligands for adenosine receptors (28, 69, 108), and carbapenem derivatives (109), have been also evaluated in DBA/2 mice. Treatment with cannabinoid receptor (CB1R) agonists has shown anticonvulsant effects against AGS, suggesting the involvement of these receptors in the susceptibility of DBA/2 mice to AGS (110). Similarly, cannabis-derived compounds, such as cannabidiol (CBD) and cannabidivarin (CBDV), have been shown to reduce AGS incidence, and the co-administration of CBD and CBDV showed synergic effects against AGS in audiogenic mice, blocking both clonic and tonic seizures through different mechanisms of CB1R (111, 112). Carbenoxolone, a chemical gap junction blocker, was shown to reduce the severity of AGS in DBA/2 mice, suggesting the role of connexins in epileptic seizures (113). Gap junctions play an important role in the neuronal network for both synchronized neuronal activity and field potential oscillations. During epileptic seizures and intercritical phases, electroencephalogram (EEG) signals and the degree of electrical coupling to the astrocytic gap junction were found to be correlated, contributing to the synchronization of the neuronal cell networks and inducing recurrent epileptiform activity (114). The antiepileptic effects of carbenoxolone could be due to its capacity to block both spontaneous bursts and epileptiform activity of neurons, although it does not do so directly. It seems to block the gap junction between astrocytes, suppressing their synchronization and supporting the possible direct involvement of the astrocytic gap junction in epileptiform activity and the indirect involvement in neurons (115). Among the different connexins (CX26, CX36, and CX32), CX43 has been found to affect epileptic seizures; its expression and electrical conduction have been found to increase after seizure, which can be reduced by carbenoxolone (114, 116).

The potential synergism of carbenoxolone with ASM, as well as the pharmacodynamic potentiation of ASM effects by statins, cannabinoid receptors agonists (98, 110), beta-adrenoceptor antagonists (117), and D-cycloserine, has been also studied in audiogenic DBA/2 mice (118). The potential anticonvulsant effects of a natural product, i.e., flavonoid-rich extract from orange juice (OJe), and its possible mechanism of action, were also studied on AGS-sensible DBA/2 (119). Finally, the protective effects of the new isoquinoline sulfonamides on AGS in DBA/2 mice were investigated by selectively inhibiting the isoforms of human carbonic anhydrase II and VII (hCA II and hCA VII) (120).



DBA/2 mice as relevant models of human SUDEP

Animal models, in particular, genetically altered mice, develop spontaneous or induced seizures leading to death, and these models are able to show the role of autonomic dysregulation respiratory mechanisms that precede death. DBA/2 mice experience AGS when they are exposed to high-intensity acoustic stimulation, and these seizures are followed by a high occurrence of S-IRA, cardiac arrest, and sudden death, making these mice a valid model of human SUDEP (7, 121, 122) (Figure 2). In these mice, S-IRA, resulting from AGS, leads to subsequent death if not rapidly prevented by oxygen administration or mechanical ventilation, similar to epileptic patients (6, 26). Generalized seizures, particularly uncontrolled ones, are important risk factors for SUDEP because they propagate trans-synaptically or by spreading depression and interrupt the brainstem functions that control cardiorespiratory activity and its connections to cortical, diencephalic, and spinal cord areas. This causes RA with subsequent cardiac failure, mechanisms that are proposed as the main cause of human SUDEP (122, 124).
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FIGURE 2
 Representation of brain areas involved in AGS, and representative patterns of EEG (electroencephalogram), ECG (electrocardiogram) changes, and respiration (plethysmometer) before seizure onset, during the tonic–clonic phase up to SUDEP in audiogenic DBA/2 mice. The upper right box (A, B) shows the expanded traces from the corresponding boxes of the recordings shown below. All patterns are re-adapted by Wenker (123) in “Postictal death is associated with tonic phase apnea in a mouse model of sudden unexpected death in epilepsy.”


DBA/2 mice die in the tonic phase with hindlimb extension similar to human SUDEP with motor convulsive seizures (125). Death immediately following an AGS occurs with sequential events, including immediate respiratory failure followed by cardiac depression; this is observed in DBA/2 mice and is similarly observed in human SUDEP (24, 126). In DBA/2 mice, RA always precedes cardiac arrest, similar to terminal apnea, which is commonly responsible for human SUDEP. Therefore, altered brainstem function is linked with respiratory and cardiac dysfunctions, followed by terminal apnea and asystole, leading to SUDEP in both DBA/2 mice and epileptic patients.

The common cardiopulmonary events that contribute to death make DBA/2 mice an important model for evaluating the mechanisms of these events and translating this knowledge into the development of new strategies for SUDEP prevention.

The advantage of using DBA/2 mice as the SUDEP model is given by the predictability of seizures, allowing for the resuscitation of these mice and the repetition of tests and, consequently, the possibility to determine the mechanisms of RA (28).

In DBA/2 mice, AGS spreads to brainstem laryngomotor areas, causing laryngospasm and associated obstructive apnea with consequent death; the implantation of a surrogate airway protecting against death suggests that both laryngospasm and associated obstructive apnea are part of a common mechanism that leads to SUDEP in epileptic patients and murine species (24, 127). DBA/2 mice not only present many key features of human SUDEP, including autonomic dysregulation, apnea, hypoventilation, and cardiac arrhythmias, but also suggest the potential molecular mechanisms of SUDEP, such as modifications of serotonergic and adenosinergic neurotransmission, which significantly alter not only the seizure activity but also the brainstem respiratory network. 5-HT and adenosine show opposite effects on respiratory function (11, 28). Serotonergic neurons stimulate breathing, and the loss of brainstem serotonergic control of cardiorespiratory function induced by seizures can cause prolonged hypoventilation or apnea, contributing to SUDEP (128). In DBA/2 mice, the loss of serotonergic neurons reportedly induces S-IRA, the main factor for SUDEP (47), and the enhancement of 5-HT function in the brainstem with SSRI treatment reportedly reduces the occurrence of S-IRA (128). Similarly, dysregulation of serotonergic brainstem neurons, which regulate brainstem respiratory centers, and spreading of depolarization have been found in epileptic drug-resistant patients, and they have been correlated with an increased risk of human SUDEP (11, 25). Consequently, SSRI treatment has shown some protective effects by reducing the incidence of central apnea in SUDEP patients (129, 130). In addition, DBA/2 mice were found to exhibit diminished expression of 5-HT2C, 5-HT3, and 5-HT4 receptors in the rostral ventral medulla respiratory region; similar abnormalities of these 5-HT receptors expression were found in sudden infant death syndrome (131). Therefore, in addition to the evidence of the effect of serotonergic neurotransmission on seizure susceptibility, increases in 5-HT may positively affect seizure-related respiratory events associated with SUDEP in animal models and humans.

Furthermore, adenosine is also a possible contributor to SUDEP (49); excessive adenosine release and overactivation of adenosine receptors, induced by seizures, may give rise to excessive inhibition of brainstem respiratory centers; this causes lethal apnea or cardiac arrest, potentiating SUDEP through respiratory suppression in DBA/2 mice (28). The administration of caffeine, an adenosine receptor antagonist, reduced the incidence of seizure-induced RA, thus preventing SUDEP in audiogenic DBA/2 mice (28). Similarly, in different brain areas of epileptic patients, an altered adenosinergic system has been observed with the overactivation of A2A receptors, resulting in cardiorespiratory dysfunctions and increased risk of SUDEP (132). Consequently, the blockade of adenosine receptors should prevent SUDEP in human and experimental models (133, 134).

The translational research obtained in this experimental model has allowed us to identify that the serotonergic and adenosine neuronal networks of the brainstem may share a common final pathway with human SUDEP, and drugs that act on these neurotransmission systems may be potential targets for SUDEP prevention. Furthermore, the knowledge of cardiac and/or respiratory alterations due to AGS, which may contribute to sudden death in DBA/2 mice, indicates the translational potential of the use of these animals in clinical studies on SUDEP (135).

The elevated occurrence of death after AGS in DBA/2 mice suggests the existence of a genetic predisposition to respiratory depression, supporting the hypothesis of the presence of genetic predictors of SUDEP (40, 136).

Compared with other models, such as kainic acid (KA) or the pilocarpine animal model of status epilepticus (SE), the DBA/2 model has several advantages. One advantage of DBA/2 mice is that their death is not associated with SE, and they exhibit sudden death immediately after AGS. Their death is a result of RA, leading to subsequent cardiac failure, in agreement with the findings obtained in many cases of human SUDEP (3, 26). This distinct feature makes DBA/2 mice relevant SUDEP models. KA or pilocarpine-induced SE is useful as a model for human temporal lobe epilepsy (137), but these models do not induce SUDEP-like seizures. In fact, pilocarpine or KA injection produces SE in a healthy brain, a condition that is excluded from the current definition of SUDEP (2). Seizures appear in limbic and neocortical structures, but the seizure onset is believed to reside in the hippocampal formation with consequent hippocampal neurodegeneration and neuroinflammation, unlike what is observed in DBA/2 mice (138, 139).

Variability in SE induction and in the frequency and severity of spontaneous seizures, as well as variable mortality among different rodent strains, have also been found in SE animal models, causing difficulty not only in reproducing the TLE model but also in considering it a SUDEP model (140–142). Regarding the variability in the mechanisms of death, the mortality ranges from 5 to 30% in the SE KA-induced model (138), while in the pilocarpine model, mortality is much higher since ~30–40% of treated animals do not survive SE, and there are difficulties in SE induction due to pilocarpine-resistant animals (143, 144). Therefore, in these models, mice that died within 7 days from SE induction are believed to have failed to develop SE. Therefore, they are not considered to have died of SUDEP since they likely did not develop spontaneous seizures. Unlike audiogenic DBA/2 mice in which seizure-induced respiratory depression leads to sudden death, some of these animals can show small seizure activity, some can also show transient apnea, and others can show respiratory depression. Therefore, it is not possible to understand which of these behaviors are related to SUDEP manifestation. Additionally, in these animal models of SE, significant changes in cardiac structure and function are found after the SE period (145).

Some studies reported obstructive apnea, cardiac dysfunction, and death as a response to KA-induced seizure (146), while other studies showed that some mice, survived by pilocarpine-induced SE, died suddenly after several weeks when they developed spontaneous seizures (147, 148). However, these responses to KA or pilocarpine-induced SE are different from mechanisms that cause respiratory depression and death in the DBA/2 model. In addition, genetic mutations together with neurotransmission alterations can explain the higher susceptibility to AGS and the consequent death of DBA/2 mice.

Although this audiogenic model more strongly resembles human SUDEP in many respects, DBA/2 mice present some limitations to achieving a full comprehension of respiratory dysfunction in chronic epilepsy and SUDEP, which is because AGS and S-IRA are induced by intense acoustic stimulation, and these mice do not develop spontaneous recurrent seizures unlike what occurs in human SUDEP, which in any case results from spontaneous seizures (28). Furthermore, in DBA/2 mice, there is a high incidence of death after AGSs, while the probability of sudden death after an epileptic seizure is lower in patients (5). In particular, in DBA/2 mice, if AGS-induced fatal RA is not prevented, they die (11), whereas epileptic patients who die of SUDEP can have numerous seizures before the fatal event occurs (1).

In addition, the susceptibility to AGS of DBA/2 mice seems to be age-dependent, being high in young mice (21–28 days postnatal) and decreasing with age. The young age at which DBA/2 mice show susceptibility to AGS could be a limitation in transferring the results to human settings, particularly in investigating any chronic treatment, which would be needed for human SUDEP prevention. For this, DBA/2 mice may be appropriate as an acute mouse model of SUDEP. However, the young age at epilepsy onset and the duration of the seizure disorder, which often occurs during childhood, are the main risks of human SUDEP (17). In particular, the risk of SUDEP is greater for patients with childhood-onset epilepsy that is chronic and persists into adulthood than for patients with epileptic seizures that appear in adulthood. The clinical implication of this age-dependent susceptibility to seizure may be related to the higher incidence of sudden death in children with severe forms of epilepsy than in adults. However, recent studies in children have documented a similar incidence to that of adults (21). Despite these differences, studies of sudden death in young AGS-susceptible mice may be useful for increasing the knowledge of complex pathophysiologic mechanisms underlying human SUDEP and for assessing potential therapies to prevent SUDEP.



Conclusion

In epilepsy, SUDEP is a major clinical problem for epileptic patients and their families. Although different studies have identified numerous risk factors for SUDEP, we are still unable to prevent or diminish the incidence of SUDEP. Furthermore, although adherence patterns in ASM can limit seizures in most patients, they do not alter long-term prognosis or prevent epilepsy progression or the risk of SUDEP. The high mortality rate associated with certain types of epilepsy points to respiratory depression, decreased heart frequency, autonomic dysfunction, and altered neurotransmitter systems in the brainstem. Although treatments such as SSRIs and adenosine antagonists have been experimented with, their clinical application remains limited.

Studies in animal models of epilepsy are essential to help understand the pathophysiological mechanisms associated with seizures and SUDEP. In particular, DBA/2 strains are inbred mice prone to AGS-induced fatal RA and frequently used as SUDEP models. These mice not only summarize numerous key features of human SUDEP, including altered cardiorespiratory function and pulmonary impairment following audiogenic seizures, but also allow for accurate investigations of molecular mechanisms present in SUDEP, such as serotonergic and adenosinergic dysfunctions and genetic susceptibility. Brainstem neurotransmitters may provide new targets for interventions to prevent premature death from SUDEP.

Translation of basic experimental research into human epilepsy could be represented by DBA/2 mice, whose response to ASM has permitted the development of new medications and therapy trials.

However, in this experimental model, SUDEP susceptibility is related to acoustic stress only at a young age. Therefore, DBA/2 mice could represent only an acute SUDEP model. However, given the translational value of the knowledge that can emerge from using this animal model, it would be advisable to carry out further and more specific studies.
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Objective: To elucidate the functional role of gamma-aminobutyric acid (GABA)-ergic inhibition in suppressing epileptic brain activities such as spike-wave discharge (SWD), we recorded electroencephalogram (EEG) in knockout rats for Glutamate decarboxylase 1 (Gad1), which encodes one of the two GABA-synthesizing enzymes in mammals. We also examined how anti-epileptic drug valproate (VPA) acts on the SWDs present in Gad1 rats and affects GABA synthesis in the reticular thalamic nucleus (RTN), which is known to play an essential role in suppressing SWD.

Methods: Chronic EEG recordings were performed in freely moving control rats and homozygous knockout Gad1 (–/–) rats. Buzzer tones (82 dB) were delivered to the rats during EEG monitoring to test whether acoustic stimulation could interrupt ongoing SWDs. VPA was administered orally to the rats, and the change in the number of SWDs was examined. The distribution of GABA in the RTN was examined immunohistochemically.

Results: SWDs were abundant in EEG from Gad1 (–/–) rats as young as 2 months old. Although SWDs were universally detected in older rats irrespective of their Gad1 genotype, SWD symptom was most severe in Gad1 (–/–) rats. Acoustic stimulation readily interrupted ongoing SWDs irrespective of the Gad1 genotype, whereas SWDs were more resistant to interruption in Gad1 (–/–) rats. VPA treatment alleviated SWD symptoms in control rats, however, counterintuitively exacerbated the symptoms in Gad1 (–/–) rats. The immunohistochemistry results indicated that GABA immunoreactivity was significantly reduced in the somata of RTN neurons in Gad1 (–/–) rats but not in their axons targeting the thalamus. VPA treatment greatly increased GABA immunoreactivity in the RTN neurons of Gad1 (–/–) rats, which is likely due to the intact GAD2, another GAD isozyme, in these neurons.

Discussion: Our results revealed two opposing roles of GABA in SWD generation: suppression and enhancement of SWD. To account for these contradictory roles, we propose a model in which GABA produced by GAD1 in the RTN neuronal somata is released extrasynaptically and mediates intra-RTN inhibition.

KEYWORDS
animal model of absence epilepsy, gamma-aminobutyric acid (GABA), glutamate decarboxylase (GAD), reticular thalamic nucleus, valproate


1. Introduction

An absence seizure is a non-convulsive epilepsy accompanied by a spike-wave discharge (SWD) that appears suddenly in a patient's electroencephalogram (EEG) and lasts for several seconds (1–3). Human patients temporarily lose consciousness while paroxysmal activity emerges in the EEG. Therefore, the appearance of SWDs in an EEG is a useful clinical observation for the diagnosis of absence epilepsy. SWDs can be identified by a characteristic composite waveform consisting of a primary oscillation lasting up to 30 s (frequency: approximately 3 Hz) and large spikes superimposed on and in phase with the oscillation (1, 2). Genetic rat models for SWD have long been established (4–6); these model rats exhibit SWDs reproducibly in EEGs, with dominant oscillation frequencies of approximately 7–12 Hz (5, 7). Common laboratory rats such as Brown Norway, Long-Evans, and even wild-caught rats were recently demonstrated to exhibit abundant SWDs in EEGs (8, 9). Although SWDs in these rats are usually accompanied by the absence of seizure-like symptoms such as behavioral immobility, both naïve and genetic model rats can behaviorally detect and respond appropriately to sensory or reward cues presented when an SWD appeared on their EEG (9–12). Therefore, whether SWDs in rodents represent pathological or physiological brain activity remains controversial (7–9, 13, 14).

SWDs originate primarily within the reticular thalamic nucleus (RTN)–thalamus–cortex network (15–19). The RTN consists of GABAergic neurons that surround and innervate the thalamus, providing synaptic inhibition to thalamocortical (TC) relay neurons (20). The firing of RTN neurons elicits hyperpolarization in TC neurons, which in turn activates low-threshold T-type Ca2+ channels and evokes post-inhibitory rebound bursting in TC neurons (21). These TC neurons project axon collaterals back to the RTN; the re-excitation of RTN neurons leads to recurrent intra-thalamic oscillation, i.e., SWD (19).

Gamma-aminobutyric acid (GABA), the main inhibitory neurotransmitter, is synthesized from glutamate by two isoenzymes, namely, glutamate decarboxylase (GAD) 1 (67 kDa) and GAD2 (65 kDa) in mammalians. GAD2 is localized primarily in the inhibitory synapse and therefore plays an important role in synaptic inhibition (22, 23). Gad2 knockout mice or rats are viable but suffer from spontaneous convulsive seizures (24–26). By contrast, GAD1 is primarily localized in the cytoplasm of GABAergic neurons (27, 28). Knockout rats for Gad1 that were recently created through clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9-mediated gene editing showed schizophrenia-like symptoms (29). However, whether these Gad1 (–/–) homozygous knockout rats show any other neurological symptoms, such as epilepsy, remains to be determined.

In this study, we conducted EEG monitoring of Gad1 (–/–) rats to evaluate their SWD symptoms in comparison with control rats. We attempted to interrupt ongoing SWDs through acoustic stimulation and conducted a pharmacological experiment using the anti-epilepsy drug valproate (VPA). Finally, we immunohistochemically analyzed the GABA expression level in RTN neurons to examine the effects of VPA treatment.



2. Materials


2.1. Animals

Gad1 knockout rats were generated using CRISPR/Cas9-mediated gene editing (29) in the Long-Evans background. Knockout rats were crossed with Long-Evans rats (Japan SLC, Inc., Japan) and bred in the Gad1 heterozygous (+/–) state in our laboratory. Gad1 (–/–) and Gad1 wild-type (+/+) rats were obtained from sibling mating between heterozygotes. All rats were reared under standard laboratory conditions under a 12-h/12-h light/dark cycle. All experimental procedures were approved by the Animal Care and Experimentation Committee of Gunma University and the Tohoku University Committee for Animal Research.



2.2. Surgery and EEG recordings

Implant surgery and EEG recording were performed as described previously (25). Briefly, rats were anesthetized with medetomidine, midazolam, and butorphanol mixture and placed on the stereotaxic apparatus. Heart rates and SpO2 were continuously monitored. The scalp was excised, and the parietal skull bone was exposed. Small burr holes (~0.9 mm diameter) were made bilaterally over the skull, and twisted-pair wire electrodes (114 μm diameter, TFA-coated silver wire, Med Wire, USA) and/or silver-pleated screw electrodes (M1 × 3 mm, Unique Medical, Japan) were aseptically implanted. The tips of the twisted-pair wire electrodes were inserted into the cortex at a depth of 1 mm and firmly supported through a ceramic guide tube (KyoCera, Japan). After the implant surgery, the rats were returned to the home cage and were allowed to recover from the surgery for 1 to 2 days before the first recording was made. On the EEG recording, the rat with the implant was transferred from the home cage to a clear plexiglass cage (60 × 60 × 60 cm), on whose walls two piezoelectric speakers (Digi-Key Electronics, Thief River Falls, MN, USA) were pasted. A wired head-stage amplifier (HST/8o50-G1-GR; Plexon, Inc., Dallas, TX, USA) or wireless head-stage amplifier (TBSI Wireless Neural Recording System, Global Bio Inc., Mount Laurel, NJ, USA) were used for EEG recording. Raw electrical signals were further amplified and digitized using the Omniplex multichannel recording system (Plexon). In total, 45 rats of both sexes, including 20 Gad1 (–/–), 9 Gad1 (+/–), and 16 Gad1 (+/+) rats, were used in this study. The rats were separated into two age groups, younger (<2 months) and older (≥2 months), and their EEGs were examined for SWDs. Because SWDs were rare in younger Gad1 (+/–) and Gad1 (+/+) rats, only EEG data from older rats were further analyzed. Thus, in total, 100 h of EEG data were collected and analyzed from 10 Gad1 (–/–) rats (age: 2–11 months), 45 h from 6 Gad1 (+/–) rats (age: 3–12 months), and 70 h from 7 Gad1 (+/+) rats (age: 2–12 months). EEG recording was performed for up to 5 h per day, and recording lasted for up to 3 months in a single animal. Some EEG recording sessions were videotaped to record rat behavior.



2.3. Acoustic stimulation experiment

In the acoustic stimulation experiment, a rat was placed in a clear plexiglass cage while wearing an EEG headset. The experimenter continuously monitored the EEG for SWDs and applied a series of acoustic stimulations from piezoelectric speakers (dominant frequency: 2 kHz; loudness: 82 dB [measured at the cage center]; ambient loudness: 44 dB) as soon as an SWD appeared on the monitor. The recording was started without acoustic stimulation for 1–2 h and continued for another 1–2 h with acoustic stimulation. In total, 22 h of EEG recording data were obtained from five Gad1 (–/–) rats (age: 2–10 months), as well as 28 h of EEG recording data from two Gad1 (+/–) rats and four Gad1 (+/+) rats (age: 3–9 months). Because Gad1 (+/–) and Gad1 (+/+) rats yielded similar results, the data from these genotype groups were merged and used as control group data.



2.4. Offline SWD detection

All EEG recording data were analyzed offline for SWDs using custom-made programs written in MATLAB code. Briefly, raw voltage signals sampled at 1 kHz were subjected to high-pass filtering (cutoff: 0.9 Hz) and wavelet-transformed (30). SWDs were extracted from the total spectral power time series data by imposing frequency thresholds at 5 and 32 Hz; this interval contained most of the SWD oscillation power (Figure 1). The extracted SWDs were checked visually, and mechanical noise caused by rats tapping the cable or chewing food pellets was excluded from the data. By our definition, a spike-train waveform lasting <1 s was not regarded as an SWD.
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FIGURE 1
 Electroencephalogram (EEG) and electromyogram (EMG) patterns. (A) EEG/EMG patterns from a Gad1 homozygous (–/–) knockout rat. Similar patterns were observed in both Gad1 heterozygous (+/–) and wild-type (+/+) rats. In the awake state, the animals showed a rapid, small-amplitude EEG pattern and a highly active EMG pattern. Rapid-eye-movement (REM) sleep was associated with complete muscle atonia, despite the active EEG pattern. Non-REM (NREM) sleep was associated with a slow, large-amplitude EEG pattern. Spike-wave discharges (SWDs) (framed section of the EEG, enlarged at the bottom) appeared suddenly while the rats were awake, although they tended to remain still. (B) EEG power spectrum with arbitrary units (a.u.). Peaks are indicated by circles. The dominant frequencies for SWD, NREM sleep, REM sleep, and wakefulness were 8, 3, 7, and 30 Hz, respectively. The SWD power spectrum also showed a second prominent peak (triangle) at the first harmonic, i.e., 16 Hz, reflecting a spiky waveform shape. (C) EEG pattern from a 7-week-old Gad1 (+/+) rat. Few SWDs were seen at ages of <2 months. The framed section (top) is enlarged at the bottom. (D) EEG patterns from a 5-week-old Gad1 (–/–) rat showed many SWDs. The framed section (top) is enlarged at the bottom.




2.5. VPA treatment

We initially examined the effect of intraperitoneal (i.p.) injections of VPA (150–300 mg/kg, dissolved in 1 ml of saline) using three Gad1 (–/–), two Gad1 (+/–), and two Gad1 (+/+) rats. In this pilot experiment, we observed that all became drowsy and inactive after the injection, except for one Gad1 (+/+) rat. To avoid acute poisoning and the need for repeated i.p. administration, we next tried a milder oral formulation of the drug, using another set of rats (two Gad1 (–/–), four Gad1 (+/–), and two Gad1 (+/+) rats). VPA (10 mg/ml) was dissolved in water and made available to the rats ad libitum for 7 days. At the end of this period, we collected the blood serum samples from these animals and outsourced them to a local biochemistry lab (Nagahama Life Science Laboratory, Shiga, Japan) for the VPA blood concentration measurement. VPA concentration was measured based on the enzyme immunoassay method (Emit2000 valproate assay, Siemens Healthcare, Japan). The average blood concentration of VPA was 40.4 ± 10.4 μg/ml (24.1–73.7; n = 8 animals). The effective blood concentration of VPA for the treatment of epilepsy in humans is 50–100 μg/ml (31). Based on these observations, we decided to adopt the oral administration of the drug for the EEG recording experiment and the GABA immunohistochemistry. For the recording experiment, a pre-medication EEG recording was performed 2–3 days before starting drug administration [control group: VPA (–)]. EEG recording was resumed on the 3rd day after the initiation of drug administration and performed for a total of 2–3 days until the 7th day of the VPA treatment [experimental group: VPA (+)] (Table 1). In total, we obtained 70 h of EEG recording data from four Gad1 (–/–) rats (age: 5–11 months) and 68 h from four Gad1 (+/+) rats (age: 5–12 months). The water intake and body weight were monitored during the experiment (Table 2).


TABLE 1 EEG recording time before and during the VPA treatment.
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TABLE 2 Amounts of water/VPA intake (average) and rat's weight (range) before, during, and after VPA treatment.
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2.6. Immunohistochemistry

Four Gad1 (+/+) VPA (–), five Gad1 (+/+) VPA (+), four Gad1 (–/–) VPA (–), and four Gad1 (–/–) VPA (+) rats were euthanized by intraperitoneal injection of pentobarbital (150 mg/kg animal) and perfused with one-half Karnovsky fixative (2% paraformaldehyde and 2% glutaraldehyde in phosphate-buffered saline). The fixed brain was immersed in 30% sucrose in 0.1 M phosphate buffer for cryoprotection and embedded in Tissue-Tek OCT compound (Sakura Finetek Japan, Tokyo, Japan). The frozen brain was cut into 10-μm-thick sections using a cryostat (CM1950, Leica, Wetzlar, Germany) and mounted onto coated slide glasses (MAS-01, Matsunami Glass, Kishiwada, Japan). Coronal sections (ca. bregma −2.7 mm) were selected to examine the RTN and neighboring thalamic nuclei. Immunostaining was performed using a STAINperfect Immunostaining Kit (ImmuSmol, Bordeaux, France), following the manufacturer's instructions. The primary antibodies used in these experiments included chicken polyclonal anti-GABA (1:500 dilution; ImmuSmol), rabbit polyclonal anti-parvalbumin (PV) (1:2,000, GTX134110, Genetex, Hsinchu, Taiwan), chicken normal serum (for negative control, 1:2,000 dilution; Jackson ImmunoResearch), and the secondary antibodies were preabsorbed Alexa Fluor-488 conjugated goat anti-chicken IgY (1:500 dilution; ab150173, Abcam, Cambridge, UK) and preabsorbed Alexa Fluor-568 conjugated goat anti-rabbit IgG (1:500 dilution; ab175695, Abcam, Cambridge, UK). For fluorescent nucleus staining, we used a CellStain−4′,6-diamidino-2-phenylindol (DAPI) solution (1:500 dilution, Dojindo Kumamoto, Mashiki, Japan). Fluorescence images were acquired using an LSM 780 laser confocal microscope (Zeiss, Oberkochen, Germany) and a 63 × oil objective lens (numerical aperture: 1.4) and analyzed using the ZEN confocal image analysis software (Zeiss) and ImageJ software (National Institutes of Health, Bethesda, MD, USA), respectively (32–34) (Supplementary Figures S1, S2).



2.7. Statistical analyses and graphics

Median values were compared using the Wilcoxon rank-sum, Wilcoxon signed-rank, and Kruskal–Wallis tests using the MATLAB Statistics and Machine Learning Toolbox. Multiple comparisons were performed using the multicompare function with Fisher's least significant difference option in the same toolbox. All plots were drawn using Excel software (Microsoft Corp., Redmond, WA, USA). In the box-whisker plot, the upper (lower) whisker was drawn from the top (bottom) of the box, up (down), to the largest (smallest) data point within 1.5-fold of the interquartile range. Outliers outside the upper and lower whiskers are not shown in the plot.




3. Results


3.1. Abundant SWDs in young Gad1 (–/–) rats

EEG patterns in Gad1 (–/–) rats during the awake or sleep (rapid eye movement and non-rapid eye movement) states appeared to be similar to those in normal animals (32) (Figure 1A). However, on visual inspection of the EEG data, frequent large-amplitude spiky waveforms caught the attention (Figure 1A, SWD), which lasted a few seconds and oscillated at approximately 8 Hz (Figure 1B). These features are suggestive of spike-wave discharges in rodents (5, 7). These SWDs were observed while the rats were awake but quiet or at rest after active exploration. SWDs were observed in Gad1 (–/–) rats as early as 2 months of age, whereas they were rarely detected in Gad1 (+/–) or Gad1 (+/+) rats at similar ages (Figures 1C, D, Table 3). Only one out of seven rats showed SWDs (29 SWDs were detected from a total of 10 h of recording). The other six control rats did not show SWD in their EEG (a total of 175 h of recording). However, even in Gad1 (+/+) rats, SWDs eventually prevailed in the EEG at older ages. No overt convulsive seizures or other epileptic activity were observed in Gad1 (–/–) rats (data not shown).


TABLE 3 Proportion of rats showing SWDs sorted by age.
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As SWDs were rare in young Gad1 (+/–) and Gad1 (+/+) rats, only SWDs from older rats were analyzed and compared among the three genotypes (Figure 2). SWDs were significantly longer in Gad1 (–/–) rats (median: 2.3 s; n = 7,305 SWDs from 10 rats) than in Gad1 (+/–) rats (2.0 s; n = 1,749 SWDs from 6 rats) or Gad1 (+/+) rats (2.1 s; n = 3,766 SWDs from 7 rats) (Figure 2A; P = 4.2 × 10−13; Kruskal–Wallis test). The difference between Gad1 (+/+) and Gad1 (+/–) rats was not statistically significant (P = 0.41; Wilcoxon rank-sum test). The SWD length shows long-tailed distributions (Figure 2B), with the longest SWD lasting longer than 10 s. Most SWDs were shorter than 5 s in duration, regardless of genotype. The median SWD count in Gad1 (–/–) rats (61/h) was the largest among the three genotypes (P = 8.3 × 10−7; Kruskal–Wallis test) (Figure 2C), while the median SWD in Gad1 (+/–) rats (28/h) was significantly smaller than in Gad1 (+/+) rats (39/h) (P = 0.011; Wilcoxon rank-sum test). Therefore, the total SWD time per hour was greatest in Gad1 (–/–) rats (median: 155 s/h), which was significantly different from Gad1 (+/–) and Gad1 (+/+) rats (median: 86 and 102 s/h, respectively, P = 5.7 × 10−6; Kruskal–Wallis test) (Figure 2D). The total SWD time in Gad1 (+/–) was shorter than Gad1 (+/+) rats, however the difference was insignificant (P = 0.09; Wilcoxon rank-sum test). These results indicate that Gad1 (–/–) rats had the most severe SWD phenotype and that GAD1 plays a role in suppressing SWD generation in rats.
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FIGURE 2
 Summary of SWDs from Gad1 (–/–) rats (shaded), Gad1 (+/–) rats (lined), and Gad1 (+/+) rats (unshaded). (A) Box and whisker plots of individual SWD lengths. The median SWD length was greatest in the Gad1 (–/–) group. (B) Distribution of SWD counts per hour, sorted by length. Most SWDs lasted for 5 s. (C) Accumulated SWD counts per hour. The median count was highest in the Gad1 (–/–) group. (D) Accumulated lengths of individual SWDs per hour. The median length was greatest in the Gad1 (–/–) group. In the graphs, SWD data were merged within the same experimental group, and the medians of each group were compared (Wilcoxon rank-sum test), i.e., P-values were obtained based on events but not animals. See the text for detailed statistical information.




3.2. Interruption of SWD by acoustic stimulations

In human patients with absence seizures, SWD appears abruptly in EEG, while the patients temporally lose consciousness and are often unaware of external sensory stimuli (1–3). Therefore, we investigated whether the rats were responsive to external acoustic stimulation when SWDs appeared in the EEG. We presented buzzer tones through speakers to awake-behaving animals during live EEG monitoring. The experimenter presented the buzzer tone as soon as an SWD was detected in the EEG displayed on a monitor. Gad1 (–/–) and control rats responded overtly to these buzzer tones (Table 4). Most SWDs were interrupted readily by a single volley of buzzer tones (Case 1 SWD, Figure 3A), whereas the remaining SWDs were not (Case 2 SWD, Figure 3B). The appearance of SWDs in EEG was highly correlated with the inactivity of animals caused by reward withdrawal or a loss of motivation to achieve the reward during behavioral tasks (33). Because buzzer stimulations were not associated with reward and did not require a voluntary response, the SWDs observed in the rats, including in Case 2, likely reflect the animal's gradual loss of interest in, or sensory adaptation to, repeated buzzer tones (11, 33). If this is true, the number of SWDs should increase over time. To test this possibility, the SWDs were categorized into the first and second halves of the 1-h recording session. The total SWD count, including that of Cases 1 and 2, was not significantly different between the first and second halves of the session in Gad1 (–/–) rats (median: 63 and 48 per 30 min, respectively; n = 9; p = 0.82, Wilcoxon signed-rank test) and control rats (median: 37 and 9 per 30 min, respectively; n = 11; p = 0.10) (Figure 3C). Similarly, the SWD counts of Case 2 were not significantly different between the first and second halves of the session in Gad1 (–/–) rats (median: 6 and 16 per 30 min, respectively; p = 0.51) or control rats (median: 2 and 0 per 30 min, respectively; p = 0.11). We extended three recording sessions for an additional hour and observed no significant increase in SWD counts in any group (data not shown). Therefore, our results do not suggest that the SWDs were produced by sensory adaptation or a loss of motivation over time. Interestingly, the SWD count in Case 2 was significantly higher in Gad1 (–/–) rats (median Case2/(Case1 + Case2) ratio: 18%; n = 18) than in the control group (median ratio: 5%; n = 20) (p = 0.015, Wilcoxon rank-sum test) (Figure 3D). These results indicate that rats responded to sensory stimuli when SWDs appeared in EEG, and Gad1 (–/–) rats had more SWDs resistant to sensory interruption.


TABLE 4 Results of hearing ability test.
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FIGURE 3
 Interruption of SWDs by auditory stimuli (AS). (A) Case 1: SWDs on the EEG were readily interrupted by AS. The timing of AS presentation is indicated by arrows. The framed section of the SWD data is enlarged at the bottom. (B) Case 2: SWDs were not interrupted by AS. The framed section of the SWD data is enlarged at the bottom. Both examples are from a Gad1 (–/–) rat. The other genotypes showed similar patterns. (C) SWD counts according to genotype and occurrence period (first or second half) during the 1-h recording session. Total SWD counts, including both Cases 1 and 2, are indicated by open circles, and Case 2 counts are indicated by filled circles. Circles from the same rat are connected. Medians are indicated by open arrowhead (Cases 1 and 2) or filled arrowhead (Case 2 only). (D) Accumulated Case 2 ratio (Case 2/[Cases 1 and 2]) sorted by genotype. P-values were calculated using the Wilcoxon rank-sum test.




3.3. Anti-epileptic drug test

We next examined VPA, a medication commonly used to treat both the absence and the myoclonic seizure, which inhibits GABA degradative enzymes such as GABA transaminase (34, 35), thereby increasing the GABA level in the brain. As SWD was a common symptom in both older Gad1 (+/+) and Gad1 (–/–) rats, we expected that an increase in GABA caused by VPA would alleviate the SWD phenotype in both genotypes. Consistent with this expectation, the SWD phenotype in Gad1 (+/+) rats (n = 4) was significantly alleviated by VPA treatment (Figure 4). The median length of individual SWDs was decreased by VPA treatment, from 2.2 s (without VPA treatment; n = 2,516 SWDs) to 1.9 s (with VPA treatment; n = 1,625 SWDs) (Figure 4A). A decrease in SWD length was observed over the entire range of SWD sizes (Figure 4B). The median count of SWD appearances per hour decreased from 73 to 51 (Figure 4C); thus, the accumulated SWD length per hour decreased from 200 to 127 s following VPA treatment (Figure 4D).


[image: Figure 4]
FIGURE 4
 The effect of valproate treatment on SWD in Gad1 (+/+) rats. (A) The median SWD length before valproate treatment [VPA(–)] was significantly decreased by VPA administration [VPA (+)]. (B) SWD counts per hour decreased in almost all SWD length categories following VPA administration. (C) The median SWD count per hour was significantly decreased by VPA treatment. (D) The median accumulated SWD time per hour was significantly decreased by VPA treatment. SWD data were merged within the same experimental group, and the medians of each group were compared (the Wilcoxon rank-sum test).


Counterintuitively, the SWD phenotype in the Gad1 (–/–) rats (n = 4) was worsened by VPA treatment (Figure 5). The median SWD length without treatment (median: 2.4 s; n = 3,113 SWDs) increased to 3.0 s following VPA treatment (n = 3,132 SWDs) (Figure 5A). Notably, SWDs shorter than 4 s in duration decreased in number, whereas those lasting longer than 5 s became more frequent (Figure 5B). The number of SWD occurrences, irrespective of size, did not differ significantly between treatment groups (Figure 5C). Overall, accumulated SWD length per hour increased from 289 to 307 s; however, this increase was not significant (Figure 5D). In summary, VPA treatment exacerbated the SWD symptom in Gad1 (–/–) rats, unlike in control rats, suggesting that a mere increase in GABA level by the drug cannot compensate for GAD1 deficiency.
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FIGURE 5
 The effect of valproate treatment in Gad1 (–/–) rats. (A) The median SWD length before valproate treatment [VPA(–)] was significantly increased by VPA administration [VPA(+)]. (B) Following VPA treatment, SWD counts per hour decreased for shorter SWDs but increased for longer SWDs. (C) The median SWD count per hour was slightly decreased by VPA, but the effect was not statistically significant (P = 0.77). (D) The median SWD length per hour was increased by VPA, but the effect was not statistically significant (P = 0.23). SWD data were merged within the same experimental group, and the medians of each group were compared (the Wilcoxon rank-sum test).




3.4. GABA immunoreactivity in reticular thalamic nucleus

GAD1 is abundantly expressed in GABAergic neurons in the RTN, which plays an important role in SWD generation (15–19). We finally examined GABA immunoreactivity in the RTN (Figure 6). We identified GABAergic RTN neurons and their axons through co-immunostaining with an antibody against parvalbumin (PV), a peptide marker for the GABAergic RTN neurons (36–39). In Gad1 (+/+) rats without VPA treatment [VPA(–)], a strong GABA immunoreactivity was detected in the somata of RTN neurons (Figure 6A, left). A further enhanced GABA immunoreactivity was observed after VPA treatment [VPA(+)] (Figure 6B, left). As expected, GAD1 deficiency reduced GABA immunoreactivity in the somata (Figure 6C, left). VPA treatment restored GABA immunoreactivity in the somata of Gad1 (–/–) rats (Figure 6D, left). These results are quantified and summarized in Figure 6E. GABA immunoreactivity was significantly lower in Gad1 (–/–) rats (P = 7.4 × 10−9; Kruskal–Wallis test). The GABA immunoreactivity was restored in Gad1 (–/–) after VPA treatment, comparable to that of Gad1 (+/+) rats (P = 0.69; Wilcoxon rank-sum test).
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FIGURE 6
 GABA immunoreactivity in neuronal soma of RTN neurons and their axons targeting the thalamus. White scale bar: 20 μm. Immunohistochemical detection of gamma aminobutyric acid (GABA, green) and parvalbumin (PV, red) in (A) Gad1 (+/+) VPA (–) rats, (B) Gad1 (+/+) VPA (+) rats, (C) Gad1 (–/–) VPA (–) rats, and (D) Gad1 (–/–) VPA (+) rat. Cell nuclei were labeled with DAPI (blue). (E) GABA immunoreactivity was significantly lower in the RTN neuronal soma of Gad1 (–/–) rats without VPA treatment. (F) GABA immunoreactivity in the RTN axons was not significantly different between Gad1 (–/–) and Gad1 (+/+) rats, irrespective of VPA treatment. P values in the graphs were calculated by pairwise comparisons (the Wilcoxon rank-sum test). Negative control (NC) was included to indicate the background immunoreactivity level, in which chicken normal serum was used as the primary antibody in place of the chicken anti-GABA antibody.


By contrast, the patterns of GABA immunoreactivity in the RTN axons targeting the thalamus were different from those found in the RTN somata. The GABA immunoreactivity in the RTN axons was similar between Gad1 (+/+) (Figure 6A, right) and Gad1 (–/–) rats (Figure 6C, right). VPA treatment led to a marked increase in GABA immunoreactivity in the axons of both Gad1 (+/+) rats (Figure 6B, right) and Gad1 (–/–) rats (Figure 6D, right) to a similar degree. These results are summarized in Figure 6F. The difference in GABA immunoreactivity was not significantly different between the two genotypes without VPA treatment [VPA(–)] (P = 0.54; Wilcoxon rank-sum test) or with VPA treatment [VPA(+)] (P = 0.73). These results suggest that GAD1 has a less influential role in axonal GABA production. In summary, we detected a significant reduction in GABA immunoreactivity in the RTN neuronal somata in Gad1 (–/–) rats, consistent with the notion that GAD1 is essential for GABA synthesis in the RTN. The residual GABA in Gad1 (–/–) rats and excess GABA after VPA treatment are presumably produced by another GABA-synthesizing enzyme, GAD2, which is also expressed in RTN neurons and predominantly localized in the axons (28). The absence of functional GAD1 in the RTN and the excess GABA production in the axons after VPA treatment may account for the contradictory VPA treatment effect observed in Gad1 (–/–) rats (see the “Discussion” section).




4. Discussion

In this study, we demonstrated that SWD appeared in EEGs at younger ages and more frequently in Gad1 (–/–) rats than in control rats, indicating that GAD1 plays an important role in SWD suppression. Even control rats exhibited SWDs (Figure 2), which increased in number with age (Table 3) and were alleviated by VPA treatment (Figure 4). Both GAD1 protein and mRNA levels have been reported to decrease spontaneously in the auditory cortex and hippocampus of common laboratory rats (40, 41), suggesting that the overall efficacy of GABAergic signal transduction in the brain decreases with age and that this decrease underlies the increase in SWDs observed in older control rats.

We observed that the SWD counts per hour in Gad1 (+/–) rats were significantly smaller than those in Gad1 (+/+) rats (Figure 2C), contrary to the observation that the SWD phenotype in Gad1 (+/–) rats was not significantly different from that in Gad1 (+/+) rats (Figure 2A). One likely explanation for this unexpected order relation is that one of the Gad1 (+/+) rats used for this experiment particularity showed a severe SWD phenotype similar to that of the Gad1 (–/–) rat. Therefore, we do not suggest that the difference seen between Gad1 (+/–) and Gad1 (+/+) rats reflects a biologically meaningful difference.

SWDs have been studied in rodent models of epilepsy (4–6). Rodent models have shown that SWDs associated with behavioral immobility could be readily interrupted by external acoustic stimulations or voluntarily controlled with reward cues (9–12, 33, 42), which is consistent with our observation that most SWDs and the associated behavioral immobility were interrupted by buzzer tones (Case 1 SWD, Figure 3A). However, these findings are inconsistent with the clinical observation in human cases that loss of consciousness (absence seizure) is associated with SWDs (1–3). Previous studies have suggested that SWDs in rodents may reflect regular brain activities such as those associated with whisker twitching or attentive mu rhythm (14, 43–45). Nevertheless, we demonstrated that modest numbers of SWDs were resistant to interruption by buzzer tones (Case 2 SWD, Figure 3B) (12). Our data do not strongly suggest that these SWDs were produced by sensory adaptation or loss of motivation over time. Although our buzzer stimuli were not associated with any reward or required behavioral response, they were strong enough to suppress the ongoing SWDs in the control rats for ~95% of the SWDs, comparable to ~90% reported by Rodgers et al. (12), in which their acoustic stimuli were associated with no reward as in ours. Importantly, in our Gad1 (–/–) rats, the same stimulus achieved suppression for ~82% of the SWDs, which was significantly lower than the control rats, supporting our interpretation that Gad1 (–/–) rats showed more severe SWDs resistant to external sensory stimuli. Further studies are required to clarify whether Case 2 SWDs indicate true epileptic activity intermixed with Case 1 SWDs, which may represent a regular brain rhythm.

The interplay between glutamatergic excitatory inputs and GABAergic inhibitory inputs to the thalamus, RTN, and cortex plays an essential role in generating SWDs. Synchronous neuronal excitation in TC neurons is associated with the depolarization of membrane potential after prolonged hyperpolarization by GABAergic inputs from RTN neurons (19, 46–49). The excitatory activity in TC neurons is transferred to the cortex through TC projections; in turn, cortical neurons provide corticothalamic input to the subcortical RTN and thalamus as feedback. The postinhibitory rebound depolarization requires T-type Ca2+ channels (19, 21), which are effectively blocked by ethosuximide (ETX) (9, 31). Indeed, we observed that ETX administration fully suppressed SWDs in both Gad1 (–/–) and Gad1 (+/+) rats (Supplementary Figure S3), confirming the involvement of T-type Ca2+ channels in SWD generation in these animals. Although the responsible genetic mutations in the epilepsy model rats have not been fully identified, a mutation in the gene encoding a T-type Ca2+ channel subunit has been suggested (5).

Our immunohistochemical experiment showed that GABA synthesis was greatly reduced in the RTN neuronal soma and minimally affected in the RTN axons in Gad1 (–/–) rats (Figure 6). GAD2, a GAD isozyme, is also expressed in RTN neurons (28) and is likely responsible for the residual GABA synthesis. Therefore, GABAergic neurotransmission should remain functional at the inhibitory synapses on the TC neurons in Gad1 (–/–) rats. We explored the role of GAD1 in suppressing SWD within the RTN neuronal soma. Interestingly, synaptic GABAergic connections are rare among the RTN neurons (50), and tonic inhibition mediated through extrasynaptic GABA receptors is dominant in these neurons (51). We propose that the GABA produced by GAD1 is released in an autocrine/paracrine manner from the RTN neuronal soma to inhibit RTN neurons extrasynaptically. Previous studies have demonstrated extrasynaptic GABA release in the retina (52). Our results can be accounted for by non-synaptic GABAergic inhibition within RTN neurons (Figure 7A). The GABA produced by GAD1 is released from the RTN neuronal cell bodies and maintains the basal activity of these inhibitory neurons through mutual extrasynaptic GABAergic neurotransmission. This model accounts for the enhanced SWD phenotype in Gad1 (–/–) rats (Figure 7B). RTN neurons are tonically active (disinhibited) in these rats due to a deficiency of extrasynaptic GABA. However, GABA synthesis in the axons continues due to intact synaptic GAD2 and can even be elevated due to the compensatory increase in GAD2 expression in Gad1 (–/–) rats (28). Therefore, GABA release at the inhibitory synapses between the disinhibited RTN axon terminals and target TC neurons should be significantly increased. The increased activation of synaptic GABA receptors on TC neurons induces deep hyperpolarization in these neurons, followed by profound rebound bursting. This rebound bursting is involved in sustained SWD generation (19, 21). A further increase in synaptic GABA production after VPA treatment (Figure 7C) results in longer and deeper hyperpolarization of TC neurons, leading to the paradoxical exacerbation of SWD symptoms in Gad1 (–/–) rats.
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FIGURE 7
 Hypothetical mechanism for GABA (black dots) signal transduction between reticular thalamic nucleus (RTN) neurons and thalamocortical (TC) relay neurons underlying SWD generation. (A) In the RTN neurons of Gad1 (+/+) rats, GABA generated by GAD1 (triangles) is released extrasynaptically. The extrasynaptic GABA acts on GABA receptors (white rectangles) localized on the cell body of the RTN neuron and regulates neural activity in an autocrine/paracrine manner. (B) RTN neurons of Gad1 (–/–) rats are disinhibited due to the lack of extrasynaptic GABA. Synaptic GABA synthesis is continued by intact GAD2 (stars) and is enhanced due to disinhibition. GABA binds to synaptic GABA receptors on TC neurons, resulting in deep membrane hyperpolarization and a rebound Ca2+ influx mediated by T-type Ca2+ channels. (C) In Gad1 (–/–) rats with VPA treatment, synaptic GABA synthesis and release are further enhanced, resulting in profound rebound bursting of TC neurons and exacerbation of the SWD phenotype.


In conclusion, we demonstrated that GAD1 deficiency in rats results in abundant SWDs in EEG data from an early age, comparable to other epilepsy-model rodents. Gad1 (–/–) rats exhibited SWDs resistant to interruption by buzzer tones more frequently than control rats; therefore, we suggest that true epileptic activity may have occurred, together with regular brain rhythms. We revealed two opposing roles for GABA: suppression and enhancement of SWD generation. Our interpretation of these results depends on the hypothetical extrasynaptic GABA produced by GAD1 from the RTN neuronal soma. Further molecular and neurophysiological experiments are necessary to confirm the role played by GAD1 in extrasynaptic GABAergic transduction in the RTN.
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Developmental and epileptic encephalopathies (DEEs) are severe seizure disorders with inadequate treatment options. Gain- or loss-of-function mutations of neuronal ion channel genes, including potassium channels and voltage-gated sodium channels, are common causes of DEE. We previously demonstrated that reduced expression of the sodium channel gene Scn8a is therapeutic in mouse models of sodium and potassium channel mutations. In the current study, we tested whether reducing expression of the potassium channel gene Kcnt1 would be therapeutic in mice with mutation of the sodium channel genes Scn1a or Scn8a. A Kcnt1 antisense oligonucleotide (ASO) prolonged survival of both Scn1a and Scn8a mutant mice, suggesting a modulatory effect for KCNT1 on the balance between excitation and inhibition. The cation channel blocker quinidine was not effective in prolonging survival of the Scn8a mutant. Our results implicate KCNT1 as a therapeutic target for treatment of SCN1A and SCN8A epilepsy.
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1. Introduction

Developmental and epileptic encephalopathies (DEEs) are among the most severe epileptic disorders. The typical disease course begins with onset of seizures during the first year of life, followed by developmental delay, movement disorders, intellectual disability, sleep disturbances, and feeding difficulties (Scheffer and Nabbout, 2019; Meisler et al., 2021; Johannesen et al., 2022). Seizures are often resistant to treatment with current antiepileptic drugs (Scheffer and Nabbout, 2019; Meisler et al., 2021; Johannesen et al., 2022).

Many DEEs result from mutations in sodium and potassium channel genes (Lindy et al., 2018; Symonds et al., 2019). Based on their roles in the neuronal action potential, excessive sodium current or insufficient potassium current would be predicted to cause hyperexcitability and epilepsy. In agreement with expectation, many missense mutations in the voltage-gated sodium channel gene SCN8A result in excessive sodium current (“gain-of-function”, or GOF, mutations) and SCN8A-DEE (Veeramah et al., 2012; Meisler et al., 2021; Johannesen et al., 2022). Experimental expression of an SCN8A GOF mutation in excitatory neurons is sufficient to cause seizures and premature death, while expression limited to inhibitory neurons does not (Bunton-Stasyshyn et al., 2019).

Loss-of-function (LOF) mutations of the sodium channel gene SCN1A and GOF mutations of the potassium channel gene KCNT1 can also cause epilepsy (Barcia et al., 2012; Scheffer and Nabbout, 2019; Gribkoff and Winquist, 2023). SCN1A haploinsufficiency reduces the excitability of inhibitory neurons, altering excitation/inhibition balance (Cheah et al., 2012; Tai et al., 2014; Favero et al., 2018). The epileptogenic mechanism of KCNT1 GOF mutations is not well established, but a similar disinhibitory mechanism may be involved (Shore et al., 2020; Gertler et al., 2022; Wu et al., 2023).

KCNT1 is a sodium-activated potassium channel (also known as Slo2.2, KNa1.1, or Slack) with widespread expression in the central nervous system (Rizzi et al., 2016). KCNT1 regulates afterhyperpolarization amplitude and action potential threshold (Martinez-Espinosa et al., 2015; Quraishi et al., 2019; Shore et al., 2020; Gertler et al., 2022; Wu et al., 2023). KCNT1 GOF mutations enhance bursting behavior in excitatory neurons and reduce action potential firing in inhibitory neurons (Quraishi et al., 2019; Shore et al., 2020; Gertler et al., 2022; Wu et al., 2023).

In the mouse, homozygous knock-in of KCNT1 GOF mutations results in spontaneous seizures, reduced threshold for seizure induction, behavioral abnormalities, and premature lethality (Quraishi et al., 2020; Shore et al., 2020; Burbano et al., 2022; Gertler et al., 2022). Burbano et al. (2022) described an antisense oligonucleotide (ASO) that reduces expression of Kcnt1. Administration of the ASO to a homozygous Kcnt1 GOF mouse prolonged survival, reduced seizure frequency, and corrected behavioral abnormalities. Conversely, homozygous loss of Kcnt1 also improves survival after electrically induced seizrues (Quraishi et al., 2020).

Reducing expression of Scn8a prolongs survival of epileptic mice with mutations in the potassium channel genes Kcna1 and Kcnq2 (Hill et al., 2022). Here, we asked whether modulating expression of a potassium channel can improve the phenotype of sodium channel mutants. Administration of the Kcnt1 ASO (Burbano et al., 2022) on postnatal day 2 doubled the lifespan of Scn8a mutant mice and extended survival of Scn1a haploinsufficient mice. Our results suggest a new therapeutic intervention for DEEs caused by mutations of SCN1A and SCN8A.



2. Methods


2.1. Mice

The Scn8acond allele, abbreviated W, contains two tandem copies of exon 26, the final coding exon of Scn8a (Bunton-Stasyshyn et al., 2019). The upstream copy, designated 26a, is a floxed exon that encodes the wildtype channel. Deletion of exon 26a by Cre results in expression of exon 26b encoding the variant p.R1872W. This variant has been identified in multiple individuals with SCN8A epilepsy (Bunton-Stasyshyn et al., 2019; Johannesen et al., 2022). Scn8acond/cond male mice were crossed with EIIa-Cre/+ female mice (JAX 003724) to generate Scn8acond/+,EIIa-Cre double heterozygous mice expressing the R1872W variant (designated W/+ mice). Both the Scn8acond allele and the EIIa-Cre transgene were maintained on a C57Bl/6 J genetic background.

Scn1a+/− mice with deletion of exon 1 were maintained on the protective 129S6/SvEvTac strain background and activated in (C57BL/6 J X 129S6/SvEvTac) F1 mice (Miller et al., 2014). Both male and female mice were used for all experiments. Experiments were approved by the Committee on the Use and Care of Animals at the University of Michigan.



2.2. ASOs

ASOs were synthesized by Ionis Pharmaceuticals as described (Swayze et al., 2007). Both the non-targeting control and Kcnt1 ASOs are 20-bp gap-mers with 5 2’-O-methoxyethyl modifications on the first and last 5 bases and phosphorothioate modifications on all 20 bases. The Kcnt1 ASO (5’ GCT TCA TGC CAC TTT CCA GA 3′) is complementary to the 3’ UTR of mouse Kcnt1 and was previously described (Burbano et al., 2022). The non-targeting control ASO (5’ CCT ATA GGA CTA TTC AGG AA 3′) is well-tolerated and is not complementary to any transcript encoded by the mouse genome (Swayze et al., 2007). Animals treated with control ASO received a 30 μg dose.



2.3. Intracerebroventricular (ICV) injections

At postnatal day 2 (P2), mice were cryo-anesthetized for 3 min. ASO was diluted in PBS (2 μL injection volume) and manually injected into the left ventricle as described (Lenk et al., 2020). Animals were allowed to recover for 10 min at 37°C before being returned to the home cage.



2.4. qRT-PCR

Brain and spinal cord from 3-week-old mice treated with control or Kcnt1 ASO were homogenized in TRIzol (Invitrogen Cat. #15596026, Waltham, MA). RNA was extracted using the Direct-zol RNA Mini Prep kit from Zymo Research (Irvina, CA). cDNA was synthesized with the LunaScript kit from New England Biolabs (Ipwsich, MA). Scn8a (Mm00488110_m1), Kcnt1 (Mm01330661_g1), and Tbp (Mm01277042_m1) transcripts were quantified using TaqMan gene expression assays (Applied Biosystems, Foster City, CA).



2.5. Quinidine administration

Quinidine (Sigma Aldrich, St. Louis, MO) was diluted in phosphate-buffered saline (50 or 100 mg/kg) and administered by daily intraperitoneal injection beginning at P10, the youngest age at which daily intraperitoneal injections were feasible.




3. Results


3.1. Characterization of the Kcnt1 ASO

We used an ASO to reduce expression of mouse Kcnt1. The 20 base-pair “gap-mer” ASO targets the 3’ UTR of the mouse Kcnt1 gene (Figure 1A) and recruits RNaseH1 to degrade the transcript (Burbano et al., 2022). We first administered the ASO to wild-type animals by ICV injection at P2. Three weeks later, we measured gene expression in brain and spinal cord by qRT-PCR (Figure 1B; Supplementary Table S1). Kcnt1 expression was reduced in both brain and spinal cord (two-way ANOVA, p < 0.0001). For example, adminsitration of 45 μg Kcnt1 ASO reduced Kcnt1 expression in brain to 0.25 ± 0.04 of control (mean ± SD, n = 3) (Supplementary Table S1). Reduction of Kcnt1 transcript reduces KCNT1 protein expression (Burbano et al., 2022). Expression of Scn8a was unaffected by the Kcnt1 ASO (Supplementary Figure S1). No changes in Kcnt1 expression were detected in previous studies of Scn1a and Scn8a mutant mice (Sprissler et al., 2017; Hawkins et al., 2019; Valassina et al., 2022).
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FIGURE 1
 Kcnt1 ASO reduces Kcnt1 transcript abundance. (A) The Kcnt1 ASO targets the proximal 3’UTR of the Kcnt1 transcript. (B) Expression of Kcnt1 in brain and spinal cord from P21 wildtype mice treated with Kcnt1 ASO on P2, measured by qRT-PCR (*** = p < 0.0001, Sidak’s multiple comparisons test).




3.2. ASO-mediated reduction of Kcnt1 extends the lifespan of an SCN8A DEE mouse

We previously generated a mouse with Cre-dependent expression of the patient mutation p.R1872W (Bunton-Stasyshyn et al., 2019). Expression of this mutation by crossing with the ubiquitously expressed EIIa-Cre results in a single, lethal seizure at P14 (Bunton-Stasyshyn et al., 2019). We treated Scn8acond/+,EIIa-Cre (W/+) animals with 15–75 μg Kcnt1 ASO by ICV injection at P2. Mice treated with the control ASO exhibited median survival of 16 days (Figure 2). Mice treated with 15 μg Kcnt1 ASO lived three days longer (median survival = 19 days, p = 0.0493, Mantel-Cox log-rank test). Treatment with 30 μg Kcnt1 ASO extended median survival to 27 days (p < 0.0001, Mantel- Cox log-rank test). Mice treated with 45 μg, the optimal dose, exhibited median survival of 36 days, more than double the lifespan of control ASO-treated mice (p < 0.0001, Mantel-Cox log-rank test, Figure 2). Treatment with 60 or 75 μg Kcnt1 ASO did not further reduce Kcnt1 expression (Figure 1B) or further extend survival (Supplementary Figure S2).

[image: Figure 2]

FIGURE 2
 Kcnt1 ASO prolongs survival of Scn8a mutant mice. Survival of Scn8acond/+,EIIa-Cre (W/+) mice treated with 15–45 μg Kcnt1 ASO at P2 compared with a cohort of contemporaneous control mice treated with control ASO [Control data was previously published in Lenk et al. (2020)]. Asterisks indicate significance of Mantel-Cox log-rank tests: * = p < 0.05, *** = p < 0.0001.




3.3. Quinidine does not extend survival in the SCN8A DEE mouse

Quinidine is a nonspecific cation channel blocker used to treat cardiac arrhythmia. In vitro, quinidine blocks KCNT1 channel activity, suggesting that it could be a precision therapy for patients with gain-of-function KCNT1 mutations (Mori et al., 1998; Milligan et al., 2014). In vivo, quinidine has mixed efficacy in KCNT1 epilepsy patients (Mikati et al., 2015; Numis et al., 2018; Fitzgerald et al., 2019; Cole et al., 2021).

To determine whether inhibition of KCNT1 channels by quinidine would be therapeutic in Scn8a mutant mice, we administered 50 or 100 mg/kg quinidine by daily intraperitoneal injection beginning at P10 (Figure 3). Untreated mice exhibited median survival of 15 days (n = 47). Treatment with 50 or 100 mg/kg quinidine did not extend the lifespan of the SCN8A-DEE mice (median survival = 14 days; n = 7 & 9, respectively; Figure 3).
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FIGURE 3
 Quinidine does not prolong survival of Scn8a mutant mice. Survival of Scn8acond/+,EIIa-Cre (W/+) mice daily treated with 50 or 100 mg/kg quinidine compared to untreated mice. Grey shading indicates treatment period.




3.4. ASO-mediated reduction of Kcnt1 extends the lifespan of a mouse model of SCN1A haploinsufficiency

We also tested the effect of the Kcnt1 ASO in Scn1a+/− mice, a model of Dravet Syndrome. Consistent with previous studies (Miller et al., 2014; Favero et al., 2018), approximately 1/3 of untreated Scn1a+/− mice died between 3 and 4 weeks of age, and during the remaining 6-month monitoring period, there were several sporadic deaths (Figure 4). We administered 45 μg Kcnt1 ASO to Scn1a+/− mice at P2. None of the treated mice died in the first 4 weeks, indicating that reduced Kcnt1 expression during this critical period is sufficient to prevent death (p = 0.0513, Mantel-Cox log-rank test, Figure 4). There were four deaths during the 6-month monitoring period, all after 9 weeks of age (Figure 4). Since quinidine was not effective in the Scn8a mutant mice, we did not treat the Scn1a mutant mice.
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FIGURE 4
 Kcnt1 ASO prolongs survival of Scn1a+/− mice. Survival of Scn1a+/− mice treated with 45 μg Kcnt1 ASO at P2 compared to untreated mice (p = 0.0513, Mantel-Cox log-rank test). Grey shading indicates the critical period in the development of Dravet Syndrome.





4. Discussion

Developmental and epileptic encephalopathies are frequently caused by pathological variants of ion channel genes. Here, we showed that reduction of Kcnt1 expression is protective in mouse models of Scn1a and Scn8a epilepsy. Our findings suggest that patients with mutations of SCN1A and SCN8A could benefit from treatment with a KCNT1 ASO or KCNT1-specific channel blocker.

A previous study demonstrated that the Kcnt1 ASO improved the survival, seizure, and behavioral phenotypes of Kcnt1 GOF mice (Burbano et al., 2022). Interestingly, the Kcnt1 ASO was therapeutic at lower doses in Kcnt1 mutant mice than in the Scn8a mutant studied here. In neonatal Kcnt1 mutant mice, 3.4 μg extended the median survival by more than 100 days (Burbano et al., 2022). In contrast, doses of 15–45 μg added only 20 days to survival of the Scn8a mutant mice. These observations suggest that the effect in the Scn8a mutant may be indirect. For example, gain-of-function of Kcnt1 reduces excitability of parvalbumin interneurons (Gertler et al., 2022). Reduced expression of Kcnt1 may enhance excitability of parvalbumin interneurons and thereby reduce seizure susceptibility. Consistent with this hypothesis, homozygous knockout of Kcnt1 reduces the lethality of electrically-induced seizures by more than half (Quraishi et al., 2020). Further investigation may identify other types of epilepsy that respond to reduction of KCNT1.

We previously demonstrated that reducing Scn8a expression is therapeutic in Scn1a+/− mice (Lenk et al., 2020) and in mice with epilepsy caused by loss of the potassium channel genes Kcna1 and Kcnq2 (Hill et al., 2022). P2 administration of the Scn8a ASO completely rescued the Scn1a+/− mice (Lenk et al., 2020). In contrast, 4/14 of the Scn1a+/− mice treated with the Kcnt1 ASO died between two and six months of age. The deaths after 2 months may result from turnover of the Kcnt1 ASO; alternatively, reduced Kcnt1 may be effective only in the interval between 3–4 weeks. The long-term effectiveness of the Scn8a ASO in Scn1a mutant mice is interesting, since the effect on Scn8a expression persists for only 6 weeks (Lenk et al., 2020). Viral overexpression of the Kcna1 channel is protective against seizures induced by tetanus neurotoxin or pentylenetetrazole (Snowball et al., 2019; Qiu et al., 2022). Taken together, these observations suggest that modulation of ion channel expression to compensate for epileptogenic mutations is a promising therapeutic strategy.

Among the ion channel genes that could be targeted to treat channelopathies, KCNT1 is an attractive choice because reduced expression is well tolerated. Heterozygous loss-of-function mutations of KCNT1 are present in the general population and not associated with disease (Lek et al., 2016; Karczewski et al., 2020). Kcnt1−/− mice are healthy and fertile, with minor abnormalities such as impaired reversal learning and slightly elevated pain sensitivity (Bausch et al., 2015; Lu et al., 2015; Martinez-Espinosa et al., 2015; Quraishi et al., 2020). In contrast, heterozygous loss of Scn8a is not present in the healthy population (probability of loss-of-function intolerance, pLI = 1) (Lek et al., 2016; Karczewski et al., 2020) and homozygous loss is lethal in the mouse (Burgess et al., 1995).

Quinidine has been proposed as a therapy for patients with KCNT1 epilepsy because of the effectiveness of high doses for correction of GOF mutations in vitro (Milligan et al., 2014; Numis et al., 2018). The effects of quinidine are not specific to KCNT1 (Roden, 2014). Clinical application of quinidine in KCNT1 epilepsy has mixed success. Some individuals achieved seizure freedom (Mikati et al., 2015; Fitzgerald et al., 2019), but most patients report no benefit or worsening seizures (Mikati et al., 2015; Numis et al., 2018; Cole et al., 2020). Quinidine concentration sufficiently high to block KCNT1 may be difficult to achieve in vivo without deleterious effects on other ion channels (Liu et al., 2022). We found that quinidine was not protective in Scn8a mutant mice. More specific KCNT1 channel blockers (Cole et al., 2020; Griffin et al., 2021) may be more effective for treatment of KCNT1, SCN8A, and SCN1A epilepsy.
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Background: Focal cortical dysplasia (FCD) IIb and tuberous sclerosis complex (TSC) are common causes of drug-resistant epilepsy in children. However, the etiologies related to the development of FCD IIb and TSC are not fully understood. α-synuclein (α-syn) is a member of synucleins family that plays crucial roles in modulating synaptic transmission in central nervous system. Here, we explored the expression profiles and potential pathogenic functions of α-syn in cortical lesions of epileptic patients with FCD IIb and TSC.

Methods: Surgical specimens from epileptic patients with FCD IIb and TSC, as well as FCD rats generated by in utero X-ray-radiation were adopted in this study and studied with immunohistochemistry, immunofluorescence, western blotting, and co-immunoprecipitation etc. molecular biological techniques.

Result: Our results showed that α-syn expression was reduced in FCD IIb and TSC lesions. Specifically, α-syn protein was intensely expressed in dysplastic neurons (DNs) and balloon cells (BCs) in FCD IIb lesions, whereas was barely detected in DNs and giant cells (GCs) of TSC lesions. Additionally, p-α-syn, the aggregated form of α-syn, was detected in DNs, BCs, GCs, and glia-like cells of FCD IIb and TSC lesions. We previous showed that the function of N-methyl-D-aspartate receptor (NMDAR) was enhanced in FCD rats generated by X-ray-radiation. Here, we found the interaction between α-syn and NMDAR subunits NMDAR2A, NMDAR2B were augmented in cortical lesions of FCD patients and FCD rats.

Conclusion: These results suggested a potential role of α-syn in the pathogenesis of FCD IIb and TSC by interfering with NMDAR.

KEYWORDS
FCD IIb, TSC, FCD rats, α-syn, NMDAR


1. Introduction

Malformations of cortical development (MCDs), including focal cortical dysplasia (FCDs) and tuberous sclerosis complex (TSC), are the most common pathological causes of drug-resistant epilepsy in children (1). FCDs were classified into FCD type I, IIa, and IIb according to the current international consensus classification established by the International League against Epilepsy (ILAE). Type I FCD is characterized histologically with microcolumnar neurons, and type II is characterized by cortical dyslamination and dysplastic neurons (DNs) with (Type IIb) or without balloon cells (BCs) (Type IIa) (2). Similar to the pathological characteristics of FCD IIb, TSC lesions are characterized with DNs and giant cells (GC) under pathological examination (3). Plentiful investigations were conducted to reveal the etiology of FCD IIb and TSC; however, present studies are still insufficient to elucidate the pathological and epileptic mechanisms of FCD IIb and TSC.

α-synuclein (α-syn), a member of the synuclein family, plays various routes to cellular dysfunction by inducing synaptic dysfunction, mitochondrial impairment, defective endoplasmic reticulum (ER) function, autophagy–lysosomal pathway, and nuclear dysfunction (4). α-syn widely localizes in presynaptic terminals as a monomer and plays crucial roles in regulating neurotransmitter release, synaptic function, and plasticity in the central nervous system (5). Additionally, studies have shown that α-syn monomers tend to aggregate in structures of higher molecular weights leading to the formation of α-syn oligomers, protofibrils, and eventually fibrils, the main components of Lewy bodies in neurodegenerative diseases (6). Thus, the versatile roles of α-syn in mediating cellular function intrigue us on whether it plays important roles in the etiology of FCD IIb and TSC.

Due to ethical limitations, many investigations cannot be carried out in humans. To address the etiology and pathogenesis of FCD, many animal models of FCD have been established to investigate the mechanisms of epileptogenesis and novel therapeutics for epilepsy. Historically, chemical or physical induction during early life was adopted to create the FCD model in animals, including neonatal freeze lesions (7, 8) or in utero irradiation to generate microgyria and focal heterotopia (9–11), in utero exposure to methylazoxymethanol (MAM) acetate (12–17), carmustine 1–3-bis-chloroethyl-nitrosourea (BCNU) (18), and neonatal exposure ibotenic acid to generate focal cortical malformations (19). Transgenic and in utero electroporation-based animal models were used to target genes of the mTOR pathway and recapitulate, to various degrees, the cortical malformations and recurrent spontaneous seizures in recent years (20–22). However, there is no “perfect” animal model as no single model recapitulates all the human phenotypes associated with FCD. Rat models are more economic and easier to establish, e.g., compared with the ferret model (14–17). When compared with mice, rats are larger in size. More importantly, rats are closer to humans with less genomic differences and greater physiological similarities in consequence, making them the ideal and classical animal for constructing FCD models (23–26), whereas chemical or physical stimulation-induced mouse models of FCD have been rarely reported. In the study, we used in utero irradiation of pregnant rats to X-ray to generate FCD rats in consistent with the procedures used in our previous study (27). Striking the loss of normal six-layered cortex, varying degrees of cytomegalic or dysmorphic cells and spontaneous seizures were reported in these animals (9, 28, 29).

Thus, to explore the potential function of α-syn in the pathogenesis of FCD IIb and TSC, we conducted a study using surgical specimens from epileptic patients with FCD IIb and TSC, as well as FCD rats generated by in utero X-ray-radiation, to investigate the expression patterns of α-syn in cortical lesions and the interplay of α-syn and N-methyl-D-aspartate receptor (NMDAR), which is the primary receptor mediating excitatory synaptic transmission in central nervous system.

In the study, we found that α-syn was reduced, whereas the interaction between α-syn and NMDAR was strengthened in the cortical lesions of patients with FCD IIb and TSC, suggesting a complex function of α-syn in the pathogenesis of FCD. Cortical dyslamination and thinning were the most prominent histological abnormities in FCD rats during our observation from 7 to 28 days, in parallel with the alteration of α-syn and NMDAR in the cellular level, which highly simulated the pathological features of human FCD and suggested the disruption of brain function, including epileptogenesis in FCD rats. Immunotherapeutic approaches have been used to reduce α-syn pathology in rodent models with neurodegenerative diseases. However, many challenges existed before achieving an effective treatment strategy, including the overcoming of the blood–brain barrier and the complex heterogeneity of α-syn (30). Similar progresses have been achieved in unraveling the pathology of α-syn in neurodegenerative diseases, and further studies to address the key pathology of α-syn in the pathogenesis of FCD IIb, and TSC might benefit and have the potential to alter the progression of FCD IIb and TSC.



2. Materials and methods


2.1. Human brain tissue specimens

This study was conducted in accordance with the Declaration of Helsinki and the guidelines for the conduction of research involving human subjects, as established by the Ethics Committee of Xinqiao Hospital, Army Medical University. FCD IIb and TSC-induced pediatric drug-resistant epilepsy were diagnosed according to the current international consensus classification proposed by the ILAE. Invasive depth electrode recordings were performed if the epileptic lesions could not be precisely located by scalp electroencephalogram before the surgery. Only epileptogenic tissues that were identified with the dysplastic cortex by magnetic resonance imaging and further confirmed post-hoc by neuropathological correction were used in the study. Informed written consent was obtained from all participants or legal guardians for the use of the dissected tissue for research purposes only.

In the present study, 15 FCD IIb and 24 TSC lesions were examined. The general clinical information of all the patients is summarized in Table 1, and detailed clinical information of each patient is presented in Supplementary Tables S1, S2. Among the 26 control cortex (CTX) used in this study, 23 control tissues were obtained from patients with craniocerebral tumors in accordance with the criteria reported in previous studies during surgery (31, 32). None of any other neurological diseases or history of seizures were detected in these patients, and only the normal-appearing tissues without reactive astrogliosis, inflammation, or necrosis were included in the study. The other three control cortical specimens were obtained from individuals who were diagnosed with increased intracranial pressure due to traumatic brain injury and without any neurological disease in history. The samples distant from the directly injured area were obtained in <6h after brain injury (33) after comprehensive presurgical assessment, including history, neuroimaging studies, and neurological examination according to the criteria (27, 34). The detailed information of each control subject is shown in Supplementary Table S3.


TABLE 1 Summary of the clinical characteristics of patients with FCD IIb and TSC lesions.

[image: Table 1]



2.2. Animal experiments

Sprague–Dawley rats were obtained from Army Medical University and housed under standard conditions with room temperature of 23 ± 1°C, humidity of 60%, and 12-h light/12-h dark cycle with food and water ad libitum. Randomly chosen female rats were exposed to X-ray (145 cGy, 60 s) (RS-2000, Rad Source Technologies) at post-pregnancy day 17 to disrupt the normal development of cortex in utero, and newborn rats were weaned at postnatal day 21 (P21) after normal delivery according to previous procedures (9). A total of 58 rats (both male and female) were used in this study, including 16 rats at 7 days: male/female: 7/9, 22 rats at 14 days: male/female: 12/10, and 20 rats at 28 days: male/female: 10/10. The number ratio of male to female was close to 1:1.

All experimental procedures were conducted in accordance with the guidelines of the Ethical Committee of Army Medical University and approved by the Internal Animal Care and Use Committee of Army Medical University.



2.3. RT-PCR

The total RNA was extracted from each specimen using the TRIzol reagent following the manufacture protocol (Invitrogen, Carlsbad, CA). RNA concentration was determined using a nanodrop spectrophotometer (Ocean Optics, Dunedin, FL) at 260/280 nm with a ratio of 1.8–2.0. Single-stranded cDNA was reverse-transcribed from 1 μg RNA using oligo dT primers (Takara, Otsu, Japan). The primers used in this study were as follows: human α-syn (forward: 5'GACAGCAGTAGCCCAGAAGACAG3', reverse: 5'GCATTTCATAAGCCTCATTGTCAG3'); human GAPDH (forward: 5'CACTCCTCCACCTTTGACGC3', reverse: 5'CTGTTGCTGTAGCCAAATTCGT3'), rat syn (forward: 5'GTTTTGTCAAGAAGGACCAGATG3', reverse: 5'GGCATTTCATAAGCCTCACTG3'); rat GAPDH (forward: 5'AAGTTCAACGGCACAGTCAAGG3', reverse: 5'CGCCAGTAGACTCCACGACATA3').

The PCR cycle was set as follows: 95°C for 30 s (one cycle), and 95°C for 5 s and 60°C for 40 s (49 cycles) to denaturation, 65°C for 5 s to anneal, and 95°C for 5s to extension. Each quantitative PCR reaction was repeated three times, and the quantitative PCR analysis was repeated by at least two independent experiments. The relative expression of α-syn mRNA in each sample was determined by the 2−ΔΔCt method with GAPDA as internal control.



2.4. Western blotting

Protein of each specimen was extracted by the homogenizing tissue in RIPA lysis buffer supplemented with a mixture of protease and phosphatase inhibitors (cat.no: P0013B, Beyotime Biotechnology), and the concentration was determined using the Bradford protein assay (cat.no: P0010, Beyotime Biotechnology). An equal amount of protein (40 mg/ lane) was separated on 12% SDS-polyacrylamide gels and transferred to polyvinylidene fluoride membranes with a pore size of 0.2 μm. Membranes were blocked in 5% non-fat milk for 1 h and incubated with primary antibody overnight at 4°C (α-syn: 1:500, cat.no: 10842–1-AP, Proteintech; GAPDH:1:5000, cat.no: HRP-60004, Proteintech). Membranes were washed three times with Tris-buffered saline containing 0.1% Tween-20 (TBST) and then incubated with a peroxidase-conjugated goat anti-rabbit secondary antibody (1:1.000, cat.no: SA00001–2, Proteintech) for 1 h at 37°C. The signal was detected using chemiluminescent substrates (cat.no: SQ201L, Epizyme Biomedical Technology) after washing three times with TBST. GAPDH was used as the loading control. Densitometric analysis was performed using ImageJ to quantify the optical density (OD value) of each protein band.



2.5. Immunostaining

Paraffin-embedded tissues were sectioned at a thickness of 4 μm and mounted on polylysine-coated slides. Antigen retrieval was performed by heating sections in citrate buffer solution (0.01 M, pH 6.0) at 100°C for 30 min after deparaffinization and rehydration. After cooling to room temperature, the sections were washed with PBS. Sections were treated with 0.3% H2O2 to remove endogenous peroxidase activity. After blocked with 0.3% H2O2 for 10 min at 37°C, sections were incubated with primary antibodies: α-syn (1:200, cat.no:10842–1-AP, Proteintech, Wuhan), p-α-syn antibody (1:200, cat.no: PA5118553, Thermo Fisher) or NMDAR2A (1:100, cat.no: #M264, Sigma-Aldrich), or NMDAR2B (1:100, cat.no: 21920-1-AP, Proteintech) overnight at 4°C. Sections were incubated with HRP-conjugated secondary antibody (ZLI-9018, ZSBIO) for 1 h at 37°C and developed with the DAB Chromogenic Kit (ZLI-9018, ZSBIO) after washing three times with PBS. Counterstaining was performed with hematoxylin. For hematoxylin and eosin (HE) staining, sections were incubated with hematoxylin for 5 min and eosin for 20 s consecutively after deparaffinization and rehydration. An inverted bright-field microscope (BX63, OLYPUS, Japan) was used to acquire images.

For immunofluorescent staining, paraffin-embedded sections were blocked in 10% goat serum after deparaffinization and antigen retrieval and incubated with corresponding primary antibodies: α-syn (1:200, cat.no: 10842-1-AP, Proteintech), p-α-syn antibody (1:200, cat.no: PA5118553, Thermo Fisher), vesicular glutamate transporters 2 VGLUT2 (1:200, cat.no: ab211869, Abcam), vesicular GABA transporters VGAT (1:50, cat.no: ab211534, Abcam), vimentin (1:500, cat.no: 60330-1-Ig, Proteintech), NeuN (1:5000, cat.no: ab104224, Abcam), GFAP (1:400, cat.no: C9205, Sigma-Aldrich), Iba1 (1:500, cat.no: OB-PGP049, Biofarm), and Olig2 (1:500, cat.no:OB-PGP040-02, Biofarm) overnight at 4°C. After washing three times with PBS, the sections were incubated with Alexa Fluor 488-conjugated anti-rabbit antibody (1:1000, cat.no: #A-11008, Thermo Fisher Scientific), Alexa Fluor 555-conjugated anti-rabbit antibody (1:1000, cat.no: #A-21428, Thermo Fisher Scientific), Alexa Fluor 555-conjugated anti-mouse antibody (1:1000, cat.no: #A-21422, Thermo Fisher Scientific), or Alexa Fluor 488-conjugated anti-Guinea pig antibody (1:1000, cat.no: ab150185, Abcam) for 1 h at 37°C. Sections were subsequentially nuclear stained by Hoechst 33258 and photographed by a confocal microscope (LSM880; ZEISS, Germany).

Notably, the distinct morphology of BCs and astrocytes helps to distinguish them in FCD samples. BCs have eccentric nuclei, a ballooned cytoplasm, and do not exhibit clear axonal or dendritic processes (35). However, astrocytes exhibit a morphology of several stem branches that give rise to many finely branching processes in a uniform distribution. Additionally, Vimentin is generally used as a marker of immature glia and neurons during development (36) and was also used as a maker for BCs traditionally, which were demonstrated to be immature neurons in FCD lesions (37–40). However, GFAP is commonly used as a mature astrocytic marker (41, 42) and rarely detected in BCs in FCD lesions (27, 43, 44).



2.6. Co-immunoprecipitation

In brief, proteins were extracted from cortical tissues of FCD patients and rats using the Universal Magnetic Co-IP Kit protocol (cat. no: 54002, Active motif) under manufacturer's instructions. Protein extracts were incubated with protein G PLUS-Agarose (Santa Cruz, Biotechnology) for 1 h at 4 °C to eliminate non-specific binding. After incubation, the precleared supernatants containing 1 mg of protein were incubated with corresponding primary antibodies: α-syn (cat.no: #4179S, cell signaling technology), NMDAR2A (cat.no: #M264, Sigma-Aldrich), NMDAR2B (cat.no: #14544, cell signaling technology), or IgG (cat.no: #5127, cell signaling technology) overnight at 4 °C. Lysates were incubated with protein G PLUS-Agarose for 3 h at 4 °C with rotation. Beads were washed four times with complete Co-IP/wash buffer. Pre-IP lysates and bound proteins eluted from the immune complexes were denatured by heating to 95 °C for 5 min and used for Western blot analysis (12% gel for α-syn, 6% gel for NMDAR2A and NMDAR2B).



2.7. Evaluation of IHC

The immunoreactivity of α-syn and p-α-syn in DNs, BCs, and GCs was evaluated following an evaluation scheme reported previously (45), and the relative number of positive cells within cortical lesions was semi-quantified according to a three-point frequency score: 1: 0–10% (rare); 2: 11–50% (sparse); 3: > 50% (high), and the staining intensity was semi-quantified to a 4-point scale: 0 (absence), 1 (weak), 2 (moderate), and 3 (strong). The product of these two scores (frequency and intensity) yielded the total score. All the areas of the slices were evaluated, and the score represents the predominant cell staining intensity in each section.

The immunoreactivity of α-syn in neuropils, p-α-syn, NMDAR2A, and NMDAR2B was evaluated with image J in consistent with our previous study (46). In short, non-overlapping fields (400× magnification, 0.3481 mm × 0.2621 mm width) were defined in the center of the lesions. Three sections from each specimen were selected, and three visions were captured in each section, and the ODs of the nine areas were averaged for the specimen. The immunoreactivity was evaluated by two histologists who were blind to the clinical data.



2.8. Statistics

The proper sample size and study power were estimated according to the previously established experimental settings (47). Data acquisition and analysis were done blindly and were presented as mean ± SEM. For comparisons between two independent groups, the unpaired two-tailed t-test was used. Spearman's rank correlation test was used for bivariate correlation analyses. Statistical methods and the number of replicates were indicated when used. Normality and equal variance tests were performed for all statistical analyses. GraphPad Prism 7 software was used for data plotting and analysis. A p-value of < 0.05 was considered as statistically significant.




3. Results


3.1. The expression profiles of α-syn in lesions of patients with FCD IIb and TSC

We first examined the expression differences of α-syn between FCD IIb, TSC lesions, and control cortex (CTX) individually. RT-PCR results showed the expression of α-syn mRNA was significantly reduced in FCD IIb lesions (Figure 1A, **p < 0.01, unpaired two-tailed t-test), α-syn band was detected at approximately 18 kDa by Western blotting, and quantitative analysis showed the expression of α-syn was significantly reduced in FCD IIb lesions (Figure 1B, *p < 0.05, unpaired two-tailed t-test). Interestingly, RT-PCR results showed α-syn mRNA was significantly increased in TSC lesions (Figure 1C, *p < 0.05, unpaired two-tailed t-test), while α-syn protein was reduced (Figure 1D, **p < 0.01, unpaired two-tailed t-test). α-syn protein expression was increased gradually along with the development in the brain (48, 49). We found that both the mRNA and protein expression of α-syn were positively correlated with the ages of control subjects by Spearman's correlation analysis (Figure 1E). However, the positive correlation between α-syn and age was lost in patients with FCD IIb (Figure 1F) and TSC (Figure 1G).
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FIGURE 1
 Expression of α-syn mRNA and protein in cortical lesions of patients with FCD IIb and TSC. (A) Statistical analysis showed that α-syn mRNA was significantly reduced in FCD IIb lesions (**p < 0.01, unpaired two-tailed t-test, n = 10, 7 specimens for each group). (B) Representative immunoblot bands showing α-syn was detected at approximately 18 kDa, and GAPDH (37 kDa) was used as the loading control. Densitometric analysis showed that α-syn protein was significantly reduced in FCD IIb lesions (*p < 0.05, unpaired two-tailed t-test, n = 26, 15 specimens for each group). (C) Statistical analysis showed that α-syn mRNA was increased in TSC lesions (*p < 0.05, unpaired two-tailed t-test, n = 10, 16 specimens for each group). (D) Immunoblot bands showing α-syn (18 kDa) and GAPDH (37 kDa) in total homogenates from CTX and TSC lesions. Densitometric analysis showed α-syn protein was significantly decreased in TSC lesions (**p < 0.01, unpaired two-tailed t-test, n = 17, 20 specimens for each group). (E) Spearman's correlation analysis showed that both α-syn mRNA (r = 0.9302, ***p < 0.001) and protein (r = 0.5937, p = 0.0014) were positively correlated with the ages of control subjects. (F) No significant correlation was observed between α-syn mRNA (r = −0.1211, p = 0.7959), protein (r = −0.2438, p = 0.3813), and ages of patients with FCD IIb. (G) No significant correlation was observed between α-syn mRNA (r = −0.06276, p = 0.8174), protein (r = 0.05741, p = 0.8100), and ages of patients with TSC.




3.2. Expression patterns of α-syn in FCD IIb and TSC lesions

We investigated the cellular expression and distribution of α-syn in FCD IIb and TSC lesions with IHC. Moderate-to-strong immunoreactivity of α-syn was observed in the neuropils of CTX, while the immunoreactivity of α-syn was barely detected in the cytoplasm of neurons (Figure 2A). However, weak-to-moderate α-syn immunoreactivity was detected in DNs (double arrows) and BCs (arrows) in FCD IIb lesions (Figure 2B). Interestingly, α-syn immunoreactivity was barely observed in DNs (double arrows) in TSC lesions nor GCs (arrows) (Figure 2C). Additionally, weak α-syn immunoreactivity was observed in the neuropils of FCD IIb and TSC lesions (Figures 2B, C). Statistical analysis showed that the average optical density (OD) of α-syn was significantly reduced both in FCD IIb and TSC lesions (Figure 2D, ***p < 0.001, unpaired two-tailed t-test).
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FIGURE 2
 Expression profiles of α-syn in lesions of patients with FCD IIb and TSC. (A) Moderate-to-strong α-syn immunoreactivity was observed in the neuropils of CTX but was neglectable in the neuronal cytoplasm. (B) Representative image showing weak α-syn signal in the neuropils of FCD IIb lesions and moderate α-syn immunoreactivity in DN (double arrow) and BC (arrow) of FCD IIb lesions. (C) Strong but less of α-syn positive signal was observed in the neuropils of TSC lesions, and α-syn immunoreactivity was barely detected in DN (arrow) and GC (double arrow) of TSC lesions. (D) Statistical analysis results showing that the average OD value of α-syn was reduced in neuropils of both FCD IIb and TSC lesions (***p < 0.001, unpaired two-tailed t-test, n = 7, 9, 8 specimens for each group). (E) Representative images showing α-syn was expressed in vimentin-positive BC in FCD IIb lesions (arrows). (F) α-syn was barely expressed in VGLUT2-positive excitatory neurons in CTX. (G) Representative image showing the co-expression of α-syn and VGLUT2 was intensified in the neuropils, DN (double arrow), and BC (arrow) in FCD IIb lesions. (H) The co-expression of α-syn and VGLUT2 was intensified in the neuropils of TSC lesions as well but not observed in DN and BC. (I) α-syn was not detected in vimentin-positive GCs in TSC lesions. (J) Representative image showing α-syn was barely expressed in VGAT-positive neurons in CTX. (K) Representative image showing significant co-expression of α-syn and VGAT in DN (double arrow) and BC (arrow) of FCD IIb lesions. (L) The co-expression of α-syn and VGAT was intensified in the neuropils of TSC lesions but not observed in DN and GC of TSC lesions. (M) Representative image showing slightly α-syn expression in a NeuN-positive neuron and nearby neuropils in FCD IIb lesions (arrow). (N–P) Representative images showing α-syn was not detected in GFAP-positive astrocytes ((N), arrows), Iba1-positive microglia (O, arrow), and Olig2-positive oligodendrocytes ((P), arrows) in FCD IIb lesions. (Q–T) Representative images showing α-syn was not expressed in NeuN-positive neurons in TSC lesions ((Q), arrow), GFAP-positive ((R), arrows), Iba1-positive microglia ((S), arrows), and Olig2-positive oligodendrocytes in TSC lesions ((T), arrow). Scale bars: 50 μm for the upper panel of (A–C), 20 μm for the bottom panel of (A–C), and 10 μm for images (E–T).


Additionally, we evaluated the immunoreactivity score of α-syn in the cytoplasm of control neurons, DNs, BCs, and GCs of FCD IIb and TSC lesions with methods reported in previous studies (35, 45) and summarized the information in Table 2. Specifically, α-syn immunoreactivity was not observed in the cytoplasm of neurons in CTX and was scored zero, but it was significantly increased in DNs, BCs of FCD IIb lesions and scored 3.67 ± 0.44, 3.33 ± 0.33, respectively (***p < 0.001, unpaired two-tailed t-test), and α-syn was not observed in DNs and GCs of TSC lesions and scored zero individually.


TABLE 2 α-syn and p-α-syn immunoreactivity score in cortical lesions of patients with FCD IIb and TSC.
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Double immunofluorescent staining results showed that α-syn was expressed in vimentin-positive BCs in FCD IIb lesions (arrows in Figure 2E). α-syn was intensively expressed in the neuropils of CTX and sparsely co-localized with VGLUT2, a marker of excitatory neurons in CTX (Figure 2F). However, the immunoreactivity of VGLUT2 was intensely increased in the neuropils of both FCD IIb and TSC lesions, as shown by the co-expression of α-syn and VGLUT2 (Figures 2G, H). Importantly, co-expression of α-syn and VGLUT2 was observed in DNs (double arrows) and BCs (arrows) in FCD IIb lesions (Figure 2G) but not in the GCs of TSC lesions (Figure 2H). In TSC lesions, α-syn signal was not detected in vimentin-positive GCs (Figure 2I) nor in VGAT-positive inhibitory neurons in the CTX (Figure 2J). However, the co-expression of α-syn and VGAT was intensified in DNs and BCs of FCD IIb lesions (Figure 2K) and neuropils of TSC lesions (Figure 2L). Thus, these results suggested that α-syn might contribute to regulating the excitatory and inhibitory synaptic transmission both in FCD IIb and TSC lesions.

α-syn was expressed both in the cytoplasm of NeuN-positive neurons and nearby neuropils (Figure 2M) but not in GFAP-positive astrocytes (Figure 2N), Iba1-positive microglia (Figure 2O), and Olig2-positive oligodendrocytes (Figure 2P) in FCD IIb lesions. Interestingly, α-syn was not expressed in NeuN-positive neurons (Figure 2Q) in TSC lesions, GFAP-positive astrocytes (Figure 2R), Iba1-positive microglia (Figure 2S), and Olig2-positive oligodendrocytes (Figure 2T).



3.3. Expression patterns of p-α-syn in FCD IIb and TSC lesions

p-α-syn, in which α-syn is phosphorylated at Ser129, is the major pathological form of α-syn. The aggregation of p-α-syn in the cytoplasm and nuclei of neurons was identified as pathological markers of Parkinson's disease and multiple system atrophy in the central nervous system, respectively (50). We evaluated the immunoreactivity score of p-α-syn in the DNs, BCs, and GCs of FCD IIb and TSC lesions as well. As illustrated in Table 2, weak p-α-syn immunoreactivity was observed in the neurons of CTX and scored 2.86 ± 0.13. However, the immunoreactivity score of p-α-syn was significantly increased in the DNs and BCs of FCD IIb lesions, which scored 6.88 ± 0.67 and 7.86 ± 0.56, respectively (***p < 0.001, unpaired two-tailed t-test), and DNs and GCs of TSC lesions, which scored 8.14 ± 0.86 and 5.43 ± 1.09, individually (***p < 0.001, unpaired two-tailed t-test).

As shown by the representative images, weak-to-moderate immunoreactivity of p-α-syn was observed in neurons of CTX specimens (Figure 3A). In contrast, moderate-to-strong p-α-syn immunoreactivity was observed in DN (arrow), BC (double arrow), and glia-like cells (arrowheads) of FCD IIb lesions (Figure 3B). Strong p-α-syn immunoreactivity was detected in the cytoplasm and nuclei of DN (arrow) and glia-like cells (arrowheads) in TSC lesions (Figure 3C), while the intensity was relatively reduced in GC (double arrow) of TSC lesions (Figure 3D). Additionally, statistical analysis indicated the overall OD value of p-α-syn was increased in FCD IIb and TSC lesions (Figure 3E, ***p < 0.001, unpaired two-tailed t-test), suggesting that α-syn was abnormally aggregated in the dysplastic neurons in cortical lesions of patients with FCD IIb and TSC.
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FIGURE 3
 Expression profiles of p-α-syn in lesions of patients with FCD IIb and TSC. (A) Representative images showing moderate p-α-syn immunoreactivity in neurons of the CTX. (B) Moderate-to-strong p-α-syn immunoreactivity was observed in the cytoplasm of DN (arrow) and BC (double arrow) in FCD IIb lesions, and strong p-α-syn signal was detected in the nuclei of dysplastic neurons and glia-like cells (arrowhead). (C, D) Representative images showing strong p-α-syn immunoreactivity in DNs (arrow) and glia-like cells (arrowheads) of TSC lesions, and moderate p-α-syn immunoreactivity was observed in GC (double arrow). (E) Statistical analysis demonstrated that the average OD of p-α-syn was increased in cortical lesions of patients with FCD IIb and TSC (***p < 0.001, unpaired two-tailed t-test, n = 8, 8, 7 specimens for each group). (F) Representative image showing p-α-syn signal in vimentin-positive BC (arrow) in FCD IIb lesions. (G, H) Representative images showing p-α-syn immunoreactivity in NeuN-positive neurons (G, arrows) and GFAP-positive astrocytes in FCD IIb lesions (H, arrow). (I, J) Representative image showing p-α-syn was barely expressed in Iba1-positive microglia (I, arrows) and Olig2-positive oligodendrocytes (J, arrow). (K) Representative image showing p-α-syn and α-syn were co-expressed in in BC (arrow) and DN (double arrows) of FCD IIb lesions. (L) Representative image showing p-α-syn was expressed in the vimentin-positive GC in TSC lesions (arrow). (M, N) Representative images showing p-α-syn was detected in the NeuN-positive neurons (M, arrows) and GFAP-positive astrocytes in TSC lesions (N, arrow). (O, P) p-α-syn was barely observed in Iba1-positive microglia (O, arrow) and Olig2-positive oligodendrocytes (P, arrows) in TSC lesions. (Q) Representative images showing p-α-syn and α-syn were barely co-expressed in TSC lesions. Scale bars: 50 μm for upper panel of (A–D), 20 μm for bottom panel of (A–D), 10 μm for (F–Q).


Double immunofluorescent staining results showed that p-α-syn was identified in vimentin-positive BC (Figure 3F) and NeuN-positive neurons in FCD IIb lesions (Figure 3G). Additionally, p-α-syn was detected in the GFAP-positive astrocytes (Figure 3H) but not in Iba1-positive microglia (Figure 3I) and Oligo2-positive oligodendrocytes (Figure 3J) in FCD IIb lesions. Furthermore, co-expression of α-syn and p-α-syn was observed in DN (arrow) and BC (double arrows) in FCD IIb lesions (Figure 3K). Intense p-α-syn signal was detected in vimentin-positive BC in TSC lesions (Figure 3L), NeuN-positive neurons (Figure 3M), and GFAP-positive astrocytes (Figure 3N). However, p-α-syn signal was not detected in Iba1-positive microglia (Figure 3O) and Olig2-positive oligodendrocytes (Figure 3P) in TSC lesions. Additionally, p-α-syn was barely co-expressed with α-syn in TSC lesions (Figure 3Q).



3.4. α-syn interacted with NMDAR in the cortical lesions of patients with FCD IIb and TSC

N-methyl-D-aspartic acid receptor (NMDAR) plays important role in mediating glutamate-induced excitatory synaptic transmission in the central nervous system (51). The molecular composition of NMDAR was found to be altered in the cortical samples of patients with FCD and relevant animal models (31, 52–54). Studies have shown that α-syn could alter synaptic transmission and plasticity by interfering with different NMDAR subunits (55–58). Therefore, we wondered whether α-syn regulates the expression of primary NMDAR subunits NMDAR2A and NMDAR2B in the cortical lesions of patient with FCD IIb and TSC and of FCD rats.

First, we investigated the expression profiles of NMDAR2A and NMDAR2B in cortical lesions of patients with FCD IIb and TSC. As shown by the representative images (Figures 4A–C, E–G), in comparison with the immunoreactivity of NMDAR2A and NMDAR2B in CTX, NMDAR2A and NMDAR2B immunoreactivity were intensively increased in the dysplastic neurons of FCD IIb and TSC lesions. Statistical analysis results showed that the immunoreactivity of both NMDAR2A and NMDAR2B was significantly increased in FCD IIb and TSC lesions (Figures 4D, H). Furthermore, we verified the interaction of α-syn with NMDAR2A and NMDAR2B in cortical lesions of patients with FCD IIb and TSC with Co-IP. Representative images and immunoblotting bands (Figure 4I) showed that the interaction of α-syn/NMDAR2A was not significantly altered, but the α-syn/NMDAR2B complex was augmented in FCD IIb and TSC lesions. However, reverse verification bands showed that the NMDAR2A/α-syn complex was significantly augmented both in FCD IIb and TSC lesions (Figure 4J, upper panel). In comparison with the blotting bands of NMDAR2A, the expression of NMDAR2B was relatively weak in the homogenates of CTX, FCD IIb, and TSC lesions (Figure 4J, bottom panel). However, the NMDAR2B/α-syn complex was significantly strengthened both in FCD IIb and TSC lesions, suggesting strong interactions of α-syn with NMDAR2A and NMDAR2B in the cortical lesions of patients with FCD IIb and TSC.
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FIGURE 4
 α-syn interacted with NMDAR in cortical lesions of patients with FCD IIb and TSC. (A) Weak NMDAR2A immunoreactivity was detected in the neurons in CTX. (B, C) Representative images showing strong NMDAR2A immunoreactivity in DNs (arrow) and BCs (double arrows) of FCD IIb lesions and also DNs (arrow) and BCs (double arrows) of TSC lesions. (D) Statistical analysis showed that the average OD of NMDAR2A was increased both in the FCD IIb and TSC lesions (***p < 0.001, unpaired two-tailed t-test, n = 7, 5, 7 specimens for each group). (E) Representative image showing weak NMDAR2B immunoreactivity in neurons of CTX. (F, G) Representative images showing strong NMDAR2B immunoreactivity in DNs (arrow) and BCs (double arrows) of FCD IIb lesions, and DNs (arrow) and GCs (double arrows) of TSC lesions. (H) Statistical analysis showed that the average OD of NMDAR2B was increased both in the FCD IIb and TSC leisons (***p < 0.001, unpaired two tailed t-test, n = 8, 4, 5 specimens for each group). (I) Representative immunoblotting bands showing that α-syn/NMDAR2A complex was not significantly altered, while α-syn/NMDAR2B complex was augmented both in FCD IIb and TSC lesions. IgG was used as negative control. (J) Representative immunoblotting bands showing significant augmentation of both NMDAR2A/α-syn and NMDAR2B/α-syn complex in FCD IIb and TSC lesions. IgG was used as negative control.




3.5. The expression profiles of α-syn and p-α-syn in FCD rats

Consistent with previous studies (9, 27), we utilized in utero X-ray radiated rats to replicate the pathological characteristics of FCD. We used RT-PCR to determine α-syn mRNA expression in the FCD rats first. Statistical analysis showed that α-syn mRNA was significantly reduced in FCD rats from 7, 14, to 28 days after birth (Figure 5A, **p < 0.01, unpaired two-tailed t-test). Pyramidal neurons in layer V are the principal output neurons in the cortex (59, 60). Thus, we explored the expression profiles of α-syn and p-α-syn in layer V of cortical lesions. IHC results showed that α-syn immunoreactivity was significantly reduced in layer V of cortical lesions in FCD rats from 7, 14, to 28 days after birth (Figures 5B, C). Conversely, IHC results showed that p-α-syn immunoreactivity was significantly increased in layer V of cortical lesions in FCD rats from 7, 14, to 28 days after birth (Figures 5D, E). As shown by the representative images, the appearance of the brain of X-ray-radiated rats (FCD rats) at 28 days after birth was dramatically deformed, illustrated by an apparent reduction in bulk volume, telencephalon, and cerebellum (Figure 5F). Furthermore, HE-staining results showed that the cortical structure was significantly disrupted, as shown by a much thinner cortex (indicated by the occurrence of corpus callosum) and non-obvious lamellar structure (Figure 5G), which was highly similar to the pathological characteristics of cortical dyslamination in FCD patients. Additionally, Western blotting results showed that α-syn protein expression was significantly reduced in FCD rats at 28 days after birth (Figure 5H).
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FIGURE 5
 Expression profiles of α-syn and p-α-syn in FCD rats. (A) RT-PCR results showed α-syn mRNA expression was significantly reduced in FCD rats at postnatal 7, 14, and 28 days (**p < 0.01, unpaired two-tailed t-test, n = 11–20 rats for each group). (B) Representative images showing strong α-syn immunoreactivity in the neuronal membrane and cytoplasm or neuropils in the cortex of control rats but weak-to-moderate α-syn immunoreactivity in the cortex of FCD rats at 7, 14, and 28 days after birth. Scale bars: 50 μm. (C) Statistical analysis showed that the α-syn protein was significantly decreased in FCD rats (p < 0.05, unpaired two-tailed t-test, n = 3–5 rats for each group). (D) Weak p-α-syn immunoreactivity was observed in the neuronal membrane of control rats, whereas it was strengthened in the cortical neurons of FCD rats at 7, 14, and 28 days after birth. Scale bars: 50 μm. (E) Statistical analysis showed that the p-α-syn protein was significantly increased in FCD rats (**p < 0.01, ***p < 0.001, unpaired two-tailed t-test, n = 3–7 rats for each group). (F) Representative images showing deformed brain in FCD rats at 28 days after birth, as shown by reduced telencephalon and cerebellum volume, and uncovered quadrigemina. Scale bar: 1 cm. (G) HE staining images showing thinner cortex (indicated by the occurrence of corpus callosum) and disrupted lamellar structure in FCD rats at 28 days after birth. Scale bar: 200 μm. (H) Representative immunoblot bands of α-syn and GAPDH in total homogenates from the cortex of control and FCD rats at 28 days after birth, and statistical analysis results showing that α-syn protein was significantly decreased in FCD rats (*p < 0.05, unpaired two-tailed t-test, n = 6 rats for each group).




3.6. α-syn interacted with NMDAR in the cortex of FCD rats

Consistent with the experiments performed in FCD IIb and TSC patients, we investigated the expression of NMDAR2A and NMDAR2B in cortical neurons of layer V in FCD rats. IHC results showed that both the immunoreactivity of NMDAR2A and NMDAR2B were increased in the cortical neurons of FCD rats, as shown by the representative images and statistical results (Figures 6A–D) (**p < 0.01, unpaired two-tailed t-test.). To test whether α-syn interacts with NMDAR2A and NMDAR2B, we performed Co-IP to investigate the interaction between α-syn and NMDAR2A and NMDAR2B. As shown by the representative immunoblotting bands (Figure 6E), this qualitative approach suggested an augmentation in the levels of the α-syn/NMDAR2A and α-syn /NMDAR2B complex in FCD rats at 28 days after birth, and IgG was used as negative control. Reverse Co-IP was performed to confirm the interaction of NMDAR2A and NMDAR2B with α-syn. As shown by the representative immunoblotting bands (Figure 6F), the NMDAR2A/α-syn complex did not significantly differ between control and FCD rats by pulling down NMDAR2A, whereas the NMDAR2B/α-syn complex was intensified in FCD rats at 28 days after birth.
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FIGURE 6
 α-syn interacted with NMDAR in the cortex of FCD rats at postnatal 28 days. (A) Representative images showing moderate NMDAR2A immunoreactivity on layer V cortical neuronal membrane of control rats (arrow and inset) but was intensified both in the membrane and cytoplasm of cortical neurons in FCD rats (arrow and inset). (B) Statistical analysis showing NMDAR2A immunoreactivity was increased in the cortex of FCD rats (**p < 0.01, unpaired two-tailed t-test, n = 4 rats for each group). (C) Weak NMDAR2B immunoreactivity was observed in the cytoplasm of cortical neurons in control rats (arrow and inset) but increased immunoreactivity in the cortical neurons of FCD rats (arrow and inset). (D) Statistical analysis showed NMDAR2B immunoreactivity was significantly increased in the cortex of FCD rats (**p < 0.01, unpaired two-tailed t-test, n = 5, 6 rats for each group). (E) Representative Western blotting bands showing immunoprecipitation of α-syn in the cortex of control and FCD rats. Membranes were immunoblotted with anti-NMDAR2A and anti-NMDAR2B antibodies. Augmented α-syn/NMDAR2A and α-syn/NMDAR2B complex was observed in the cortical homogenates of FCD rats. IgG was used as negative control. (F) Representative Western blotting bands showing immunoprecipitation of NMDAR2A or NMDAR2B, membranes were immunoblotted with anti-α-syn antibody, and the augmentation of NMDAR2B/α-syn was more apparent in FCD rats. IgG was used as negative control.


We also investigated the interaction of α-syn and NMDAR in FCD and control rats at postnatal 7 days and 14 days. At 7 days after birth, as shown in representative immunoblotting bands (Supplementary Figure S1A), α-syn/NMDAR2A complex and α-syn/NMDAR2B complex were reduced in the FCD rats. Reverse immunoblotting bands (Supplementary Figure S1B) showed that the NMDAR2A/α-syn complex did not significantly differ between the control and FCD rats by pulling down NMDAR2A, while the NMDAR2B/α-syn complex was augmented. At 14 days after birth, the immunoblotting bands (Supplementary Figure S1C) indicated that both α-syn/NMDAR2A complex and α-syn/NMDAR2B complex were intensified in the FCD rats, while reverse Co-IP immunoblotting bands (Supplementary Figure S1D) showed that NMDAR2A/α-syn and NMDAR2B/α-syn complex were reduced in the FCD rats. Together, these results suggested that α-syn might contribute to regulating the synaptic transmission in FCD rats by interfering with NMDAR from an early developmental stage.




4. Discussion

The present study highlighted the distinctive expression profiles of α-syn and p-α-syn, and the interaction of α-syn with NMDAR in the cortical lesions of patients with FCD IIb and TSC, and FCD rats generated by X-ray-radiation, suggesting a potential role of α-syn/NMDAR complex in the pathogenesis and epileptogenesis of FCD IIb and TSC.

α-syn is shown to be concentrated in nerve terminals in close proximity to synaptic vesicles, with little staining in somata and dendrites, implicated in crucial roles for in vesicular trafficking, neurotransmitter release, and neurotransmission (61, 62). Here, we found the expression of α-syn protein was significantly reduced in the cortical lesions of patients with FCD IIb and TSC. The inconsistency of increased mRNA level but reduced protein expression of α-syn in TSC patients was intriguing, and we speculated that mechanisms concerning posttranscriptional translation contribute to the discrepancy (63–65). However, the co-expression of α-syn with both VGLUT2 and VGAT was intensified in cortical lesions of patients with FCD IIb and TSC, suggesting a potential role of α-syn in regulating synaptic transmission during epileptic activity in patients with FCD IIb and TSC.

Fibrillary aggregates of α-syn protein, p-α-syn in the cytoplasm of neurons and glia termed as synucleinopathies, have been implicated in several neurodegenerative diseases, including Parkinson's disease, Alzheimer's disease, and multiple sclerosis atrophy (66). Studies reported that α-syn protein aggregation, including oligomeric deposits, protofibrils deposits, and fibrils, can spread across neurons and glias similar to the pathological characteristics of prionic diseases (67–69). Here, we found that p-α-syn was specifically aggregated in the cytoplasm, nuclei of BCs and GCs, dysplastic neurons, and astrocytes in the cortical lesions of patients with FCD IIb and TSC as well and further verified the neuropathological characteristics of dysplastic neurons and BCs and GCs in FCD IIb and TSC. Conversely, α-syn was absent in DNs and GCs of TSC lesions. These phenomena can be explained by the following reasons. α-syn was synthesized in neuronal cytoplasm and transported to nerve terminals gradually for functioning during development (70, 71). However, DN and GCs are typical dysplastic neurons with eccentric nuclei, giant cytoplasm, and without clear axonal or dendritic processes, suggesting that critical cytological deficits existed in these cells, which might indicate the underlying deficiency of α-syn in DN and GCs. Interestingly, positive p-α-syn immunoreactivity was observed in the cytoplasm of DN and GCs, possibly attributing to the disturbed activity of various kinases and signaling cascades in TSC lesions after the abnormal activation of mTOR pathway (72).

Our previous studies have shown that NMDAR-mediated currents were significantly increased in the dysplastic neurons in FCD rats (27). Consistent with the functional augmentation of NMDAR, we found that the immunoreactivity of NMDAR2A and NMDAR2B was consistently increased in the cortical lesions of patients with FCD IIb and TSC and also FCD rats in this study. Several studies have pointed out that α-syn could interact with NMDAR to induce synaptic dysfunction in the central nervous system, leading to memory and cognitive impairments in animals (55–57, 73, 74). Additionally, α-syn was reported to modulate the NMDAR2B activation and internalization in cultured cortical neurons (75). Here, we found that the direct interaction of α-syn with NMDAR2A and NMDAR2B was significantly intensified in FCD rats since postnatal 7 days, which suggested that α-syn might contribute to the synaptic dysfunction in FCD lesions by modulating the internalization and activation of NMDAR. Thus, our study here suggested a causal relationship between disturbed α-syn expression and abnormal NMDAR function in the pathogenesis and epileptogenesis of FCD IIb and TSC.



5. Conclusion

Taking together, our study characterized the disturbed expression of α-syn and p-α-syn in FCD and TSC lesions and demonstrated a stronger interaction between α-syn and NMDAR in cortical lesions of patients with FCD IIb and TSC, and FCD rats, proposing a potential linkage between α-syn and NMDAR in the pathogenesis and epileptogenesis of FCD. These results advanced our understanding of the potential function of α-syn by mediating NMDAR during the pathological development of FCD IIb and TSC. Studies concerning the modulating effects of α-syn on seizure activity in future would expand our understanding of the pathogenesis of FCD IIb and TSC further.
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Introduction: Orexin is a neuropeptide neurotransmitter that regulates the sleep/wake cycle produced by the lateral hypothalamus neurons. Recent studies have shown the involvement of orexin system in epilepsy. Limited data is available about the possible role of orexins in the pathophysiology of absence seizures. This study aims to understand the role of orexinergic signaling through the orexin-type 2 receptor (OX2R) in the pathophysiology of absence epilepsy. The pharmacological effect of a selective OX2R agonist, YNT-185 on spike-and-wave-discharges (SWDs) and the OX2R receptor protein levels in the cortex and thalamus in adult GAERS were investigated.

Methods: The effect of intracerebroventricular (ICV) (100, 300, and 600 nmol/10 μL), intrathalamic (30 and 40 nmol/500 nL), and intracortical (40 nmol/500 nL) microinjections of YNT-185 on the duration and number of spontaneous SWDs were evaluated in adult GAERS. The percentage of slow-wave sleep (SWS) and spectral characteristics of background EEG were analyzed after the ICV application of 600 nmol YNT-185. The level of OX2R expression in the somatosensory cortex and projecting thalamic nuclei of adult GAERS were examined by Western blot and compared with the non-epileptic Wistar rats.

Results: We showed that ICV administration of YNT-185 suppressed the cumulative duration of SWDs in GAERS compared to the saline-administered control group (p < 0.05). However, intrathalamic and intracortical microinjections of YNT-185 did not show a significant effect on SWDs. ICV microinjections of YNT-185 affect sleep states by increasing the percentage of SWS and showed a significant treatment effect on the 1–4 Hz delta frequency band power during the 1–2 h post-injection period where YNT-185 significantly decreased the SWDs. OXR2 protein levels were significantly reduced in the cortex and thalamus of GAERS when compared to Wistar rats.

Conclusion: This study investigated the efficacy of YNT-185 for the first time on absence epilepsy in GAERS and revealed a suppressive effect of OX2R agonist on SWDs as evidenced by the significantly reduced expression of OX2R in the cortex and thalamus. YNT-185 effect on SWDs could be attributed to its regulation of wake/sleep states. The results constitute a step toward understanding the effectiveness of orexin neuropeptides on absence seizures in GAERS and might be targeted by therapeutic intervention for absence epilepsy.

KEYWORDS
 absence epilepsy, orexin type-2 receptor, spike-and-wave discharge, YNT-185, epilepsy


Introduction

Orexin-A and -B (hypocretins) which are the neuropeptides mainly derived from orexin-containing neurons in the hypothalamus play a crucial role in circadian rhythm and specifically mediating wakefulness in the sleep–wake system (1–4). Orexinergic neurons project to the cortex and virtually all subcortical arousal systems and exert their effects by binding to orexin type-1 (OX1R) and orexin type-2 receptors (OX2R) (2, 5). The orexinergic system has recently been investigated in the sleep-arousal network and disorders related to the sleep architecture, such as epilepsy (6, 7). Limited evidence is available about the possible role of the orexinergic system in the pathophysiology of generalized epilepsies (8, 9). Therefore, the orexinergic system has become the focus of much attention for its possible involvement in the modulation of genetic generalized epilepsies. It has also been stated that convulsive seizures can be reduced by improving sleep quality by using orexin antagonists (10). Absence epilepsy occupies a prominent position in genetic generalized epilepsies since absence seizures are quite common, accounting for 10–17% of all cases of epilepsy diagnosed in children (11, 12). Spontaneous spike-and-wave discharges (SWDs), a pathognomonic feature of the EEG in typical absence seizures of absence epilepsy, start and end abruptly on a normal EEG background in a state of quiet wakefulness (13, 14). It has recently been shown that OX1R protein levels are significantly lower in the thalamus and the somatosensory cortex of adult genetic absence epilepsy rats from Rijswijk (WAG/Rij model) that is well-validated and commonly used genetic model of absence epilepsy (15).

Despite this initial work, the link between orexinergic signaling and absence epilepsy remains to be demonstrated. In order to better understand the link between orexinergic system and absence seizures, further studies involving other models of absence epilepsy are required. The other genetic model including naturally occurring mutations in rats from Strasbourg (GAERS), serves as a model for the approach to experimental and translational paths to the understanding of absence seizures and absence epileptogenesis (16). Revealing the role of the orexinergic system in GAERS will help solidify the knowledge in the field of absence epilepsy. In addition, the function of OX2R in the epileptogenesis of absence seizures and the in-vivo effects of orexin ligands on absence seizures in genetic absence epilepsy models are still unknown. Clarification of these issues will further contribute to a better understanding of the pathophysiological mechanisms of generalized genetic epilepsies related to sleep–wakefulness states.

Here we investigated whether orexinergic transmission through OX2R modulates absence seizures in rats with absence epilepsy namely GAERS. First, we demonstrated the pharmacological effect of the OX2R agonist, YNT-185, applied by intracerebroventricular (ICV) or intraparenchymal microinjections in adult GAERS. We also examined the effect of YNT-185 on slow-wave sleep (SWS) and conducted spectral analysis of EEG. Finally, we investigated the OX2R receptor protein levels by immunoblotting in the cortex and thalamus of adult GAERS and compared them with adult non-epileptic Wistar rats.



Materials and methods


Animals

Experiments were performed in adult (3–4 months old), 300–350 g male GAERS and Wistar rats. The experiments were performed in Acibadem Mehmet Ali Aydinlar University, Laboratory Animal Application and Research Center (ACU-DEHAM). Animals were kept within cycles of 12 h in light, 12 h in dark environment, and with a room temperature of 22–24°C. This study was approved by the Acibadem University Ethical Committee for Experimental Animals (ACU-HADYEK) conforming with the EU Directive 2010/63/EU for animal experiments (HDK-2022/36).



Stereotaxic surgery

Animals were anesthetized using inhalation isoflurane (2.5–3%, the flow rate of oxygen was ˜0.8 L/min) anesthesia and placed into a stereotaxic instrument (Stoelting Model 51,600, Stoelting Co. Illinois, USA). For ICV microinjections, a stainless-steel guide cannulla (C313G; Plastics One, Roanoke, VA, USA) was implanted unilaterally according to the coordinates from the atlas of Paxinos and Watson (17) (AP: −1.0 mm, ML: −1.4 mm, DV: 4.1 mm from bregma). For intraparenchymal microinjections, stainless steel guide cannulas (C315G; Plastics One, Roanoke, VA, USA) were implanted bilaterally targeting ventrobasal complex of thalamus (VB) or somatosensorial cortex (S1) according to the coordinates from the atlas of Paxinos and Watson (17) (VB coordinates: AP: −3.2 mm, ML: ±4.8 mm, DV: 5.5 with an angle of 16°; S1 coordinates: AP: −2.1 mm, ML: ±5.5 mm, DV: 3.5 mm from bregma). EEG recording electrodes were implanted bilaterally over the fronto-parietal cortices. Dental acrylic was used to protect each implant onto the skull. A stainless-steel dummy was also inserted into the guide cannulas until the microinjection. Following the surgery, the animals were returned to their cages for routine care as single animals per cage, and allowed to recover for one week before the EEG recordings. The experimental design is presented in Supplementary Figure S1, and was created by using BioRender.com.



Intracerebral microinjections

After a 1-week recovery period, each animal was placed in a plexiglass recording chamber and habituated for 40 min. Then a 3-h baseline EEG (from 9 a.m. to 12 p.m.) was recorded from GAERS in order to confirm the occurrence of typical absence seizures after stereotaxic surgery. The next day, an internal cannula for ICV or intraparenchymal (VB or S1) was inserted into the guide cannula, extending 1 mm below the tip of the guide. Then the different doses of YNT-185 solution or an equal volume of sterile saline (%0.9 NaCl) were delivered via a microinfusion pump (at a rate of 10 μL/5 min for ICV or at a rate of 500 nL/5 min for intraparenchymal microinjections). EEG was recorded for 180 min after the microinjections. The cumulative seizure duration, number of seizures, and duration of individual seizures were analyzed and compared among the groups.



EEG recording and analysis

EEG was amplified through a BioAmp ML 136 amplifier, with band pass filter settings at 1–40 Hz, recorded and analyzed using Chart v.8.1 program (PowerLab8S ADI Instruments, Oxfordshire, UK). The total time spent in seizure, and the number and duration of individual seizure were evaluated. In both the baseline recording and the recording after administration, only SWD complexes with a train of SWD (7–11 Hz) and an amplitude at least twice that of the background EEG were found at periods longer than 1 s and were assessed (See Supplementary Figure S2). The cumulative seizure duration, the number of seizures, and the duration of individual seizures (duration of each SWD) were evaluated in the EEG recording taken over 3 h.



Slow-wave sleep scoring and spectral analysis of background EEG

EEG sleep scoring and spectral analysis were conducted in a blinded manner by a neurophysiologist. EEG segments showing slow frequencies in the EEG background, including high-amplitude delta waves, were categorized as slow-wave sleep (SWS) following previously established criteria (18). Due to the absence of video and electromyographic recordings, it was not possible to score active wakefulness, passive wakefulness, and REM states. The percentage of SWS was quantified in both the 600 nmol/10 μL ICV YNT-185 group, in which YNT-185 significantly suppressed SWDs, and the saline-treated vehicle group. The 3-h EEG recordings following YNT-185 or saline administration were compared to baseline EEG EEG recordings obtained one day before the injections in each group. To confirm the SWS scores obtained from EEG recordings of the 600 nmol/10 μL-YNT-185 group, in which YNT-185 significantly increased SWS, and to evaluate other frequency changes due to YNT-185 administration, the spectral characteristics of the background EEG were analyzed by computing the power spectra using fast Fourier transform (FFT; MATLAB 9.5, MathWorks), as previously described (19). To assess the effects of YNT-185 on EEG characteristics, we analyzed 0–1 h, 1–2 h, and 2–3 h post-injection EEG data from the right cerebral cortex of animals and compared it to its baseline EEG recordings. FFT was performed on 2000 randomly picked artifact-free epochs of 2-s duration of background EEG, without any SWD pattern, tapered with a Hamming window, and a frequency resolution of 0.5 Hz. The absolute power spectra were divided into 1–4 Hz (delta), 4.5–8 Hz (theta), 8.5–13 Hz (alpha), 13.5–30 Hz (beta) frequency bands, and the mean power for each of these frequency bands was computed.



Histological verification

The location of each cannula was confirmed by histological verification. After the EEG recordings, the location of the ICV cannula was confirmed by anesthetizing each rat, inserting a needle into the guide cannula, and injecting 10 μL of 1% methylene blue into the lateral ventricle. The needle was kept at the injection site for at least 60 s before removal. After decapitation, the brain was removed, and the traces of methylene blue were inspected to determine the sites of ICV injection.

For the VB or S1 groups, after the recordings, the rats were decapitated under anesthesia, and their brains were isolated and placed in a 30% formalin-sucrose mixture. Frozen sections were cut at 40 μm on a cryostat (Thermo Fisher, Cryotome™ FSE Cryostats, FE Model, 230 V 50 Hz) and stained with thionin for light microscopic examination of injection sites according to Paxinos and Watson rat brain atlas (Figures 1D, 2D and 3D). Only animals with correctly placed cannulas were included in this study.
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FIGURE 1
 Effect of the ICV administration of YNT-185 on SWDs. The impact of ICV injection of 100 nmol/10 μL (n = 9), 300 nmol/10 μL (n = 8), or 600 nmol/10 μL (n = 7) of YNT-185 or saline (n = 11) on the cumulative seizure duration (A), the number of seizures (B), and the mean duration of individual seizures in adult GAERS (C). 600 nmol/10 μL of YNT-185 induced a significant decrease in SWD duration, number and mean duration of starting within the 40 min post-injection period (See Supplementary Figure S2 for representative EEG traces from 600 nmol/10 μL of YNT-185 and saline injected GAERS). Data expressed as mean ± SEM. (*p < 0.05, **p < 0.01, *** p < 0.001). Inset figure shows the traces of methylene blue determining the sites of ICV injection (D).


[image: Figure 2]

FIGURE 2
 Effect of bilateral VB administration of YNT-185 on SWDs. The impact of YNT-185 injection into the bilateral VB injections of either 30 nmol/500 nL (n = 6), 40 nmol/500 nL (n = 8) of YNT-185, or 500 nL saline (0.9% NaCl solution) (n = 7) on the cumulative seizure duration (A), the number of seizures (B), and the mean duration of individual seizures (C). Intrathalamic microinjections of YNT-185 did not produced any statistically significant effect on SWDs (p > 0.05). Data expressed as mean ± SEM. Inset figure shows the traces of bilateral guide cannula traces placed over the VB on thionine stained coronal sections (D).


[image: Figure 3]

FIGURE 3
 Effect of bilateral S1 administration of YNT-185 on SWDs. The impact of YNT-185 injection into the bilateral S1 injections of 40 nmol/500 nL (n = 6) of YNT-185 or 500 nL saline (0.9% NaCl solution) (n = 6) on the cumulative seizure duration (A), the number of seizures (B), and the mean duration of individual seizures (C). There was no statistically significant effect of YNT-185 injected bilaterally into the S1 on SWDs compared to vehicle (p > 0.05). Data expressed as mean ± SEM. Inset figure shows the traces of bilateral guide cannula traces placed over the S1 on thionine stained coronal sections (D).




Western blot

The cortex and thalamus tissues were dissected and then immediately snap-freezed using liquid nitrogen. The dissected tissues were stored at −80°C until protein extraction. The tissues were homogenized in the ice-cold RIPA lysis buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM PMSF, 1 mM sodium orthovanadate, 1 mM sodium fluoride with 1X protease inhibitor cocktail) using a tissue Dounce homogenizer. The homogenized samples were then sonicated by Omni Ruptor 4,000 sonicator approximately for 1 s. The lysates were centrifuged at 14.000Xg for 15 min at 4°C to collect the supernatants. The concentration of extracted protein was quantified using Bradford protein assay (Bio-Rad, USA), and 20 μg of protein from each sample was separated by 10% SDS-polyacrylamide gel electrophoresis, then transferred to a nitrocellulose membrane using a semi-dry transfer system (40 min, 25 V) (Bio-rad, Transblot). The membranes were incubated with 5% bovine serum albumin for 1 h at RT. Afterward, the membranes were incubated with primary antibodies against OX2R (1:1000, Thermo Fisher Scientific, USA), and β-actin (1,10.000, Thermo Fisher Scientific, USA) overnight at 4°C. The membrane was rinsed three times with TBS-T for 10 min., and then probed with appropriate secondary antibodies 1:5000 (Rabbit for OX2R and mouse for β-actin) for 1 h at RT and then washed three times with TBS-T for 10 min. The protein bands were visualized by an enhanced chemiluminescence reagent (SuperSignal™ West Femto Maximum Sensitivity Substrate, Thermo Scientific, USA). Finally, the relative densities of the protein bands were analyzed by Image Lab software (Bio-Rad, USA).



Data analysis

Statistical analysis was performed using the GraphPad Prism version 9.0.1 program. The effect of YNT-185 on SWDs: (1) The cumulative seizure duration (2) the number of seizures and (3) the duration of individual seizures were compared by two-way analysis of (Two factors: “Treatment and Time”) variance (ANOVA) using Tukey’s multiple comparison test. The relative expression of OX2R protein bands were quantified by ImageLab software. Unpaired t test was used to compare the ratio of OX2R to actin levels in the brain tissues. For statistical analysis of the percentage of SWS in the 600 nmol YNT-185 injection and control groups compared to their baseline EEG values, a repeated-measures analysis of variance (ANOVA) design with two factors, “time” and “treatment,” followed by the Bonferroni test, was used. For the comparison of spectral characteristics of the 600 nmol YNT-185 injection group, a repeated-measures ANOVA design with two factors, “treatment” and “frequency bands” was applied to the mean powers in the four frequency bands. Data were presented as mean ± S.E.M. *p < 0.05 is considered significant.




Results


Effect of intracerebroventricular (ICV) microinjections of YNT-185 on SWDs

In the first group of the experiments, we investigated the effect of ICV injection of 100 nmol/10 μL (n = 9), 300 nmol/10 μL (n = 8), or 600 nmol/10 μL (n = 7) of YNT-185 or saline (n = 11) on absence seizures in GAERS (Figures 1A–C). ICV injection of YNT-185 markedly reduced cumulative SWD duration in adult GAERS compared to saline injected vehicle group [F(3, 30) =14.07; p < 0.0001]. Tukey’s multiple comparison tests revealed that 600 nmol/10 μL of YNT-185 induced a significant decrease in SWD duration starting from the 40 min post-injection until the 140th min post-injection period (p < 0.001; Figure 1A). Representative EEG traces from 600 nmol/10 μL of YNT-185 and saline-injected GAERS clearly demonstrate the YNT-185 effect on SWDs (Supplementary Figure S2). 100 nmol/10 μL of YNT-185 induced a significant decrease in the duration of SWDs at 100 min post-injection (p = 0.01; Figure 1A). ICV injection of YNT-185 produced a significant effect also on SWD number [F(3, 30) =3.29; p = 0.03]. 600 nmol/10 μL of YNT-185 significantly decreased the number of SWDs at 80 min post-injection period (Figure 1B; p < 0.01). The mean duration of each SWD was also affected by the ICV injection of YNT-185 [F(3, 30) = 8.656; p = 0.0003]. 100 nmol/10 μL of YNT-185 significantly decreased the mean duration of SWDs at 60 min post-injection period (p < 0.01); this effect was observed at 140–160 min of post-injection period for 600 nmol/10 of YNT-185 injected group (Figure 1C). Interestingly, the dose of 300 nmol did not produce any statistically significant effect on cumulative SWD duration, number of SWDs, and mean duration of each SWD (Figures 1A–C). These results suggest that the inhibitory effect of YNT-185 on SWDs may not correlated with the doses of OX2R agonist YNT-185.

Thereafter, intraparenchymal doses correspond to the doses where the most pronounced effect is observed in ICV administration. So, we administered the OX2R agonist, YNT-185 intraparenchymally at the doses (either 30 or 40 nmol/500 nL) at which its effect on SWDs was most pronounced when administered ICV (600 nmol/10 μL).



Effect of intrathalamic microinjections of YNT-185 on SWDs

In the second group, the effect of bilateral VB injection (for both complexes simultaneously) of YNT-185 on absence seizures was evaluated. GAERS received bilateral VB injections of either 30 nmol/500 nL (n = 6), 40 nmol/500 nL (n = 7) of YNT-185, or 500 nL saline (0.9% NaCl solution) (n = 7) (Figures 2A–C). Intrathalamic microinjections of YNT-185 slightly reduced the SWDs (both duration and number) on the EEG but this effect was not statistically different between groups (p > 0.05; Figures 2A–C). In the 40 nmol/500 nL YNT-185 injected group, this decrease in SWD duration was significant in the 60 min post-injection period compared to vehicle as revealed by Tukey’s multiple comparison test (p = 0.04; Figure 2A). The cumulative duration, number, and mean duration of SWDs did not differ across groups (Figures 2A–C). The number of SWDs on the EEG was slightly reduced in the 40 nmol/500 nL YNT-185 injected group at 60 min post-injection, but this effect was not statistically different (p > 0.05; Figure 2B).



Effect of intracortical microinjections of YNT-185 on SWDs

In the third group, we examined the effect of bilateral S1 injection of YNT-185 on SWDs in GAERS. GAERS were administered bilateral S1 injections of 40 nmol/500 nL (n = 6) of YNT-185 or 500 nL saline (0.9% NaCl solution) (n = 6). There was no statistically significant effect of YNT-185 injected bilaterally into the S1 on SWDs compared to vehicle, including the cumulative SWD duration the number of SWDs, and the mean duration of SWDs on the EEG (p > 0.05; Figures 3A–C).



Effect of YNT-185 on slow-wave sleep and spectral characteristics of background EEG

To determine whether YNT-185 affects sleep states in GAERS, we examined the spectral characteristics of EEG recorded from the 600 nmol ICV YNT-185 group, where YNT-185 strongly suppressed the SWDs. We scored slow-wave sleep (SWS), characterized by the occurrence of high amplitude delta waves in the EEG. The percentage of SWS during the post-injection period in the YNT-185 group was higher than those in baseline EEG recordings [Treatment effect: F(1, 12) = 8.509, p = 0.0129; Figure 4A]. The post-hoc Bonferroni test showed that this difference was due to a higher percentage of SWS during the 1-2 h post-injection periods (p < 0.01). The saline injection administered to the vehicle group did not result in any alterations in the percentage of SWS when compared to that observed in its baseline EEG recordings [Treatment effect: F(1, 16) = 0.002, p = 0.96; Figure 4B]. The spectral characteristics of EEG recorded from the 600 nmol ICV YNT-185 group, in which YNT-185 strongly suppresses SWDs, showed a significant treatment effect on the EEG band powers [F(1, 12) = 5.135; p = 0.0427] during the 1–2 h post-injection period (Figures 4E,F). Post-hoc Bonferroni test revealed that this difference was due to higher power in the delta band following YNT-185 injection (p < 0.01). No difference was observed in terms of band powers during 0–1 h or 2–3 post-injection periods [Treatment effect: F(1, 12) = 0.0505, p = 0.8260; F(1, 12) = 1.928, p = 0.1902, respectively; Figures 4C,D,G,H].
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FIGURE 4
 Effect of YNT-185 on percentage of slow-wave sleep and spectral characteristics of background EEG. Rats administered with 600 nmol of YNT-185 showed a significant increase in the time spent in SWS during the 1–2 h post-injection period compared to their baseline EEG recordings (A). The saline injection in vehicle group did not affect the percentage of SWS when compared to that in their baseline EEG recordings (B). The absolute power spectra of the EEG obtained 0-to 1 h, 1-to 2 h and 2- to 3 h post injection period in 600 nmol ICV YNT-185 group (C,E,G). The mean power for delta, theta, alpha, and beta bands during 0-to 1 h, 1-to 2 h and 2- to 3 h post injection period (D,F,H). Repeated measures analysis of variance test revealed significant effect of the treatment on the delta band power of the EEG frequency spectrum. Data expressed as mean ± S.E.M. **p < 0.01. 600 nmol ICV YNT-185 (n = 7 rats); vehicle (n = 10 rats).




OX2R protein levels in the cortex and thalamus

The cortex and thalamus tissues of male adults (3 months old) and age-matched Wistar rats were dissected and then the protein levels of OX2R were evaluated by western blot analysis in the cortex and thalamus of GAERS and Wistar rats. According to human protein atlas data, the cerebellum has the highest OX2R level.1 Therefore we used the cerebellum as positive control (Figures 5A,B). We demonstrated that the OX2R protein levels in GAERS were significantly lower than in Wistar rats in the cortex (p = 0.048; Figure 5A) and thalamus (p = 0.012; Figure 5B).

[image: Figure 5]

FIGURE 5
 Western blot analysis of OX2R protein levels. Western blot analysis of OX2R expression in somatosensory cortex (A) and thalamus (B) of adult naïve GAERS and Wistar rats. Relative expression of OX2R protein bands in were quantified by ImageLab software. Bar graphs on the right show that OX2R protein levels in GAERS (n = 4) was significantly lower than Wistar rats (n = 4) in cortex and thalamus. Actin was used for internal loading control. The ratio of OX2R to actin levels was represented as bar graphs. Data expressed as mean ± S.E.M. (*p < 0.05, unpaired t test).





Discussion

The present study demonstrates that ICV microinjection OX2R agonist YNT-185 significantly reduces the incidence of SWDs in GAERS. In contrast, intrathalamic and intracortical administration of YNT-185 did not produce a significant effect on SWDs, whereas the dose range for parenchymal injection has been selected in accordance with the ICV administration. Further, the highest dose of YNT-185 administrated into the lateral ventricle resulted in a significant increase in the percentage of SWS and 1–4 Hz delta frequency band on the EEG during the 1–2 h post-injection period in which YNT-185 significantly suppressed absence seizures (SWDs). These findings imply that the effect of YNT-185 on SWDs could be related to its modulation of wake/sleep states. In addition, OX2R expressions in the cortex and thalamus of adult GAERS were significantly lower with respect to Wistar rats. The results suggest that OX2R signaling can be related to the occurrence of SWDs and might play a role in the pathophysiology of absence epilepsy.

There is limited research on the involvement of orexinergic signaling in genetic generalized epilepsies. OX1R protein levels were reduced in the thalamus and somatosensory cortex of adult WAG/Rij rats compared to non-epileptic controls, whereas these differences were not seen in 25 days-old WAG/Rij rats those SWDs were not observed yet (15). These findings lead to the hypothesis that the age-dependent development of SWDs was associated with a down-regulation of orexin protein level in the thalamocortical network and orexin agonists can reduce the incidence of SWDs. Supporting that, our results confirmed that ICV microinjection of OX2R agonist YNT-185 reduced the incidence of SWDs in adult GAERS with reduced OX2R protein levels in the cortex and thalamus. In all, it seems that the thalamocortical circuit underlying the generation of SWDs is characterized by a dysregulation of orexins and/or orexin receptors in genetic absence epilepsy rat models and contributes to the pathogenesis of absence epilepsy. As with OX1R in WAG/Rij rats, it is important to investigate whether or not OX2R expression in GAERS is age-dependent (15). Therefore, to gain a better understanding of the relationship between orexinergic signaling and the development of SWD, age-related changes in OX2R expression in GAERS need to be demonstrated.

Research from animal models of epilepsy indicates that orexins show a proconvulsive effect and are deleterious to the pathophysiology of epilepsy. As a result, blocking orexin receptors and/or downregulation of orexin levels can attenuate seizure activity in various epilepsy models (9, 10, 20, 21). However, a few studies on animals have indicated the opposite: orexins were found to reduce epileptic activity in-vitro (22) and have a beneficial effect in reducing the learning and memory impairments in PTZ-kindled epilepsy rats (23). As presented here, orexin agonists might have also a beneficial effect in alleviating absence seizures. Consequently, the goal of future research should be to identify the causes of these discrepancies in orexin effects in different epilepsy models.


Absence seizures, sleep, and orexin signaling

The main function of orexinergic signaling is to regulate sleep–wake states (24) and its deficiency is associated with narcolepsy (25, 26). Consistently, OX2R agonist YNT-185 ameliorates narcolepsy symptoms and markedly increases wakefulness time in mice in a mouse model of narcolepsy (27). In mice, activation of orexin neurons causes a significant increase in wakefulness and a decrease in sleep time, including both REM and NREM sleep (28). The relationship between sleep and absence epilepsy has been widely investigated. It has been shown that a well-documented relationship exists between SWDs and the vigilance level (29, 30). When emerging from wakefulness, absence seizures usually occur during the transition between wakefulness and sleep, less often during high arousal states such as physical and engaging mental activity (31). SWDs are absent during deep slow-wave sleep and REM sleep in both people with genetic generalized epilepsy and in the genetic models (32, 33). Supporting this evidence, our results indicated a significant increase in the percentage of SWS and 1–4 Hz delta frequency band on the EEG. These findings imply that the anti-absence effect of YNT-185 observed in GAERS might be related to its regulatory effect on sleep–wake states. It is also important to note here that, in rodent models of genetic absence epilepsy there is a natural course of SWDs being a relatively higher number at the beginning of the light phase of the 12:12 light–dark and decreases over time (31). This phenomenon was also noted here, where a tendency to decrease SWDs over time was seen in all experimental groups including vehicle. In further studies, the possible reasons for this pattern and the effect of orexinergic ligands on sleep–wake states in genetic generalized epilepsies need to be clarified.

In contrast to ICV results, intrathalamic and intracortical microinjections of YNT-185 did not produce such a significant effect on SWDs. The dose of 600 nmol of ICV YNT-185 on SWDs in GAERS produced the most pronounced effect whereas the lower doses of 100 and 300 nmol did not lead to any significant effect on SWDs, suggesting that the inhibitory effect of YNT-185 on SWDs may not be positively correlated with its concentration. A better elucidation of YNT-185’s impact on target brain regions especially to comprehend the YNT-185 concentrations in cerebrospinal fluid, receptor binding profile, and efficacy is needed in further in vitro studies. Moreover, the involvement of other brain regions in which the OX2Rs are highly expressed such as the hypothalamus needs to be explored in terms of YNT-185 efficacy on SWDs.

Limited studies have reported the excitatory actions of orexins on non-specific thalamic nuclei namely some intralaminar and midline thalamic nuclei but do not alter the membrane properties of neurons in primary sensory (“first-order”) or higher-order thalamic nuclei including VB (34, 35). Excitatory action of orexins is likely mediated via direct OX2R activation that has a greater expression in the thalamus compared to OX1R or indirectly by activating wake-promoting pathways projecting to the thalamus (34–36). In this study, the microinjections were administrated into the VB complex of the thalamus, which may be the reason that no significant effect on SWDs was observed. Another reason could be the reduced OX2R expression observed in the cortex and thalamus of adult GAERS. On the other hand, the intralaminar nuclei which are likely mediated via OX2R activation have also been implicated to play a role in the SWDs in animal models of absence epilepsy (37, 38). Thus, it appears that neuronal activity within the thalamocortical circuitry is differentially excited by orexins. Further pharmacological experiments on genetic models investigating the modulatory role of orexin in different non-specific thalamic nuclei may elucidate the structures underlying the absence seizure modulatory effect of orexin signaling.

The somatosensory cortex (S1) extends widely from anterior to posterior. It is most probable that the intracortical injection in our study only targets one place per hemisphere, or a small percentage of the entire S1 as observed in Figure 3. For that reason, YNT’s impact on SWDs might be lessened. As a result, the observations in our study however cannot rule out the idea that OX2R in S1 regulates absence seizures. Deep cortical layers of S1 critically involved in the generation and maintenance of SWDs have been found to be sensitive to orexin (34, 39) and selectively projecting to the thalamus. In order to better understand the function of orexinergic activity in S1, it is important to explore the possibility of using pharmacological and genetic manipulations of deep cortical layers to modify the absence phenotype. These manipulations should be tested in absence epilepsy models.



Interaction of hypothalamic orexin signaling and thalamocortical circuitry

We still need to understand whether this modulatory effect of orexin signaling mediation is on the cortical or subcortical level. Since orexin neurons are localized in the lateral hypothalamus and have extensive intracortical and thalamic projections in the rodent brain, the possible interaction of hypothalamic orexin signaling and thalamocortical circuitry involving essentially the cortex and thalamus that correlate with spindles, delta waves, and SWDs (40) needs to be addressed here. Thalamocortical cell firing is largely controlled by the thalamic reticular nucleus (TRN), which is a thin sheet of GABAergic cells exerting a strong inhibition control over thalamocortical relay cells (41). The neuronal activity of TRN cells is also directly modulated by extra-thalamic GABA inputs, and sleep–wake neuromodulators including orexin (41, 42). GABAergic neurons in the lateral hypothalamus (LH), a brain area consisting of neurochemically heterogeneous neuronal populations implicated in the modulation of arousal, selectively inhibit TRN neurons and promote wakefulness (43). The LH also receives prominent cortical projections from the medial prefrontal and orbitofrontal cortices (44, 45). SWDs have been recorded in the lateral hypothalamus of Wistar rats (46) and the hypothalamic activation during stage 2 kindling in the genetic absence epilepsy rat model (GAERS) was significantly higher compared to non-epileptic control rats (47). Supporting these findings, single unit recordings from the LH during spontaneous SWDs in freely moving GAERS rats showed that the neuronal activity in the LH is decreased and correlated during SWDs (48). These results clearly implicate that the hypothalamic signaling and thalamocortical circuitry interact and modulate each other on the level of arousal and absence seizures.




Conclusion

Present results revealing a suppressive effect of OX2R agonist on SWDs and an increase in sleep activity together with a significantly reduced expression of OXR2 in the thalamus and cortex in GAERS provide direct evidence about the involvement of orexin signaling as a potential player in the pathophysiology of absence epilepsy. However, the inhibitory effect of YNT-185 on SWDs seems not to be correlated with the doses of YNT-185. The findings contribute to a better knowledge of the effectiveness of orexin neuropeptides in GAERS absence seizures, which could be targeted by therapeutic intervention for absence epilepsy.
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Introduction: The genetic absence epilepsy rat from Strasbourg (GAERS) is a rat model for infantile absence epilepsy with spike-and-wave discharges (SWDs). This study aimed to investigate the potential of alpha 2A agonism to induce seizures during the pre-epileptic period in GAERS rats.

Methods: Stereotaxic surgery was performed on male pups and adult GAERS rats to implant recording electrodes in the frontoparietal cortices (right/left) under anesthesia (PN23–26). Following the recovery period, pup GAERS rats were subjected to electroencephalography (EEG) recordings for 2 h. Before the injections, pup epileptiform activity was examined using baseline EEG data. Dexmedetomidine was acutely administered at 0.6 mg/kg to pup GAERS rats 2–3 days after the surgery and once during the post-natal (PN) days 25–29. Epileptiform activities before injections triggered unilateral SWDs and induced sleep durations, and power spectral density was evaluated based on EEG traces.

Results: The most prominent finding of this study is that unilateral SWD-like activities were induced in 47% of the animals with the intraperitoneal dexmedetomidine injection. The baseline EEGs of pup GAERS rats had no SWDs as expected since they are in the pre-epileptic period but showed low-amplitude non-rhythmic epileptiform activity. There was no difference in the duration of epileptiform activities between the basal EEG groups and DEX-injected unilateral SWD-like-exhibiting and non-SWD-like activities groups; however, the sleep duration of the unilateral SWD-like-exhibiting group was shorter. Power spectrum density (PSD) results revealed that the 1.75-Hz power in the left hemisphere peaks significantly higher than in the right.

Discussion: As anticipated, pup GAERS rats in the pre-epileptic stage showed no SWDs. Nevertheless, they exhibited sporadic epileptiform activities. Specifically, dexmedetomidine induced SWD-like activities solely within the left hemisphere. These observations imply that absence seizures might originate unilaterally in the left cortex due to α2AAR agonism. Additional research is necessary to explore the precise cortical focal point of this activity.

KEYWORDS
GAERS, spike-and-wave discharges, unilateral seizures, α2AAR, pre-epileptic, dexmedetomidine, pups, epileptiform


Introduction

Absence seizures are the most common type of primary generalized epileptic seizures, and they are distinguished by the presence of spike-and-wave discharges (SWDs) in the electroencephalogram (EEG). These discharges are believed to be caused by cortico-thalamocortical mechanisms. Genetic animal models have played a crucial role in elucidating the underlying causes of absence seizures (1).

Idiopathic, non-convulsive, and generalized absence seizures are the three types of seizures (2). The EEG shows bilaterally coordinated and symmetrical SWDs at 3 Hz during absence seizures (3). Gibbs et al. (4) found the association between behavioral unconsciousness and the presence of 3–4 Hz spike-and-slow wave complexes on the EEG in 1935. When depth electrodes were placed into the thalamus of a patient with absence epilepsy, bilateral and synchronous SWDs were seen (5).

In the domain of absence epilepsy research, two commonly used rat models for studying absence epilepsy are the rats of Strasbourg origin [genetic absence epilepsy rat from Strasbourg (GAERS)] and Rijswijk origin (WAG/Rij). The GAERS rats from Strasbourg are a useful model in which behavioral components accompany SWDs, similar to seizures observed in childhood absence epilepsy (6). Absence epileptic seizures do not appear immediately after birth in GAERS rats but emerge after a latent period. These seizures typically arise between 40 and 120 days, with a peak at ~60 days, when the first SWDs appear on the EEG, making GAERS rats an established model for studying absence epilepsy. As the rats aged, the frequency, and length of these discharges increased. We also observed in the EEGs previously that SWDs do not appear in GAERS rats until the 30th day after birth (7). This reflects that the pre-epileptic period, a silent phase of epileptogenesis, is anticipated to unfold (8), and our understanding of this crucial developmental stage is still limited.

The role of alpha 2A adrenergic receptors (α2AAR), a specific subtype of α2AR known to be involved in the generation and sustainability of SWDs, has been extensively investigated (9–12). In rats, a decrease in noradrenergic and dopaminergic activity has been shown to promote the occurrence of absence-like seizures (13). A previous study has shown that activating α2AAR receptors with the antagonist atipamezole efficiently decreased SWDs in adult GAERS rats (14) but activating α2AAR with agonist dexmedetomidine established a model of status epilepticus similar to prolonged absence seizures (15). In this study, dexmedetomidine also induced a state of switch from status to sleep and back from sleep to status (15). These findings help to show them as key players in the involvement of SWDs.

The generation of SWDs has long been debated, with two main theories emerging. Among these, the cortical theory has garnered a larger following. The somatosensory cortex has received much attention in this area and has been established as a key player in SWD generation through numerous studies (16, 17). Bancaud et al. (18) remarkable research on human patients provided direct evidence that initiating a focal discharge in the frontal cortex later propagates to the cortico-cortical pathways.

Further evidence of cortical involvement, particularly in the frontal and parietal regions, comes from EEG/fMRI data of patients with Rolandic epilepsy, where thalamic signals were found to follow cortical signals with higher amplitude (19). These findings are confirmed by neuropathological discoveries that confirm the cortical influence on SWDs. In addition, recent studies address that dexmedetomidine may facilitate seizure expression with peripheral somatosensory stimulation in rats, and interestingly, these seizures are focal initially (20, 21). These studies mention the high-frequency oscillations (ripples and fast ripples) preceded by the induction of these seizures. In this study, we aimed to investigate the SWDs before they were fully expressed in the GAERS model. Specifically, our objective is to determine whether α2AAR stimulation could induce SWD activity. We aimed to understand better the early stages of SWD and the potential role of α2AAR in SWD initiation.



Methods


Animals and experimental groups

The study was performed at Acibadem Mehmet Ali Aydinlar University Medical Experimental Application and Research Center (DEHAM) and was approved by the Acibadem University Experimental Animals Local Ethics Committee under decision number ACUHAYDEK2020/51.

The GAERS rats were bred and housed in a controlled environment in the animal care and production area. The room was set to a 12-h light/12-h dark cycle, and the temperature was 24 ± 2°C. The rats had unrestricted access to standard rat chow and drinking water. To preserve the GAERS strain's specific absence of epilepsy characteristics, inbreeding practices were used from the GAERS strain with 7- to 11-Hz spontaneous SWDs (1). The animals were housed in pairs in cages before the surgical procedures. However, after the completion of the stereotaxic surgeries, each cage accommodated only one animal to ensure proper post-surgery care and monitoring.

Male GAERS offspring rats (PN 23–26) obtained from Acibadem University DEHAM, still in their epileptogenesis period and weighed between 25 and 45 g, did not yet express SWDs. The animals were implanted with electrodes on the PN 23-26 and EEGs were performed on the PN 25–29. The offspring rats were connected to the EEG and their postnatal days were between PN23 and PN26, their EEGs were recorded once after 2–3 days after the surgery and once. The SWD expressions were confirmed as none by the 20-min baseline EEG. The waiting period after stereotaxic surgery was a minimum of 2 days.



Stereotaxic surgery

Stereotaxic surgery was performed under ketamine/chlorobutanol (100 mg/kg, VetaKetam; Oruç Özel Vet. Hiz. Hay. Ve Gida San. Tic. LLC.) and xylazine (10 mg/kg; Rompun, 2%; Bayer HealthCare, LLC) anesthesia, both of which were administered intraperitoneally (i.p.) to all experimental group rats. The heads of the animals were first placed in the stereotaxy device after the ear bars were fixed in the anterior chamber of the stereotaxy device (Stoelting Model 51600, Stoelting Co., Illinois). Four stainless steel screws with insulated wires were implanted bilaterally to the right and left frontal bones over the cortex rat brain atlas (22) according to the coordinates provided by reference to the bregma point and adapted to the pup animals (right/left frontal; AP: +2.2, ML: ±1.5; parietal AP: −2.9, ML: ±1.5). The opposite ends of the cables, which had previously been attached to pins, were soldered to the tiny connections generated by cutting the male VGA connectors into four threads with multiwire conductor cables using phosphoric acid and a soldering device instrument. Dental acrylic was used to cover and secure the electrodes and cables to the skull. Following the surgery, a 0.9% isotonic sodium chloride solution was injected subcutaneously to supply any possible fluid loss in the animal.



EEG recordings and analysis

After the electrodes were placed by stereotaxic surgery, the animals were allowed to rest for 2 days. The animals' basal activity was then recorded to analyze the epileptiform activities and freezing behaviors. The signals from the electrodes were transferred to ML 136 bioamplifier (ADInstruments) for EEG recording using the EEG recording wire. The amplifier signals were sent to the computer using the Powerlab system (PowerLab8S ADI Instruments, Oxfordshire, UK). The frequency filter is used in the 1- to 40-Hz band. EEG recordings on the computer were analyzed with the LabChart 8.0 program. Epileptiform activity analysis was performed by manually selecting the EEG activity occurring in both cortices of the animals between the basal EEG from groups, DEX injected-unilateral SWD-like-exhibiting and non-SWD-like activities groups over the duration of 1 sec to improve the accuracy of power spectral analysis (below) by increasing sampled length of time. Sleep time was also monitored during the EEG and video recordings.



Dexmedetomidine injections

Following the recording of basal activity, 0.6 mg/kg dexmedetomidine was injected i.p. acutely into the animals. After the injection of dexmedetomidine, the EEG was recorded for two more hours, and a power spectrum density (PSD) analysis was performed.



PSD analysis

The SWD and SWD-like EEG data were preprocessed using Fieldtrip (23) and custom MATLAB scripts (R2022a, MathWorks, Natick, Massachusetts). SWD activity was obtained and is shown as an example (24). Figure 2 shows the EEG data after bandpass filtering (with zero-phase, third-order, Butterworth filter using bandpass function in MATLAB, between 1 and 40 Hz). Multitaper spectral decomposition was used at 0.25 Hz frequency steps with discrete prolate spheroidal sequences and 1 Hz multitapers. PSD was the amplitude of the time-frequency decomposition calcuated for each frequency.



Statistical analysis

All statistical analyses were performed with GraphPad Prism version 9.5.0 (GraphPad Software, San Diego, USA). Descriptive statistics were used to examine the total, mean duration, and number of SWD-like activities and the percentage of animals in which this activity was triggered (the unilateral SWD-like-exhibiting group). The unpaired Student's t-test was used to compare the mean duration of epileptiform activities and sleep (p < 0.05 and p < 0.01).




Results


Proportion of animals with unilateral SWDs and the total, mean duration, and number of SWD-like activities

The baseline EEGs of pup GAERS rats did not show SWD as expected but showed low-amplitude non-rhythmic epileptiform activity. A 0.6-mg/kg dexmedetomidine injection generated unilateral SWD-like activity in 47% of the rats (Figure 1A).
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FIGURE 1
 The proportion of animals with unilateral SWDs, the total mean duration of SWD-like activities, the mean duration of epileptiform activities, and the sleep duration following dexmedetomidine injections. (A) As expected, the baseline EEGs of pup GAERS rats did not show matured SWDs; it showed low amplitude non-rhythmic epileptiform activity. Mature SWDs occur after post-natal 30 in adult GAERS. Following a 0.6-mg/kg dexmedetomidine injection, unilateral SWD-like activity was observed in 47% (8/17) of the rats, as illustrated in (A). (B) Characteristics of Unilateral SWD-like Activity. Unilateral SWD-like activities were analyzed within the group of animals exhibiting this response shown in (A) (n = 8). (C) Duration of Epileptiform Activities. Comparison of the duration of epileptiform activity between the “unilateral SWD-like-exhibiting group” and the “non-SWD-like activities group” revealed no significant difference in the (C). (D) Sleep Duration Following Dexmedetomidine Injections. In the “unilateral SWD-like-exhibiting group,” the mean sleep duration was significantly shorter compared to the “non-SWD-like activities group.” No sleep activity was observed on the baseline EEG data as expected. The data were given as mean ± SEM. **p < 0.01 (significant difference).


The descriptive statistics of unilateral SWD-like activities in the left cortex of animals that were triggered were analyzed (the unilateral SWD-like-exhibiting group). All SWD-like activities between the animals (n = 8) were 297.0 ± 175.3 s up to 3 h. The mean duration of each SWD-like activity among animals exhibiting unilateral SWD-like activities was 34.9 ± 16.9 s. The number of each SWD-like activity between the animals was 8.3 ± 2.4 (Figure 1B).



Mean duration of epileptiform activities and the sleep duration following dexmedetomidine injections

There was no significant difference in the length of epileptiform activity between “the unilateral SWD-like-exhibiting group” and “the non-SWD-like activities group” (Figure 1C). However, in the unilateral SWD-like-exhibiting group, mean sleep duration was considerably shorter than the non-SWD-like activities group (t(df) = 3.812, p = 0.003, p < 0.01, Figure 1D).



PSD analysis of SWD-like activity

As shown in Figure 2, SWD-like activity is qualitatively similar to mature SWD activity, which classically indicates 6-Hz activity. However, SWD-like activity appears slower and peaks at 1.5–1.75 Hz. This activity developed only in the left hemispheres of 47% of the animals injected with the 0.6 mg/kg dexmedetomidine. Furthermore, the PSD results revealed that the 1.75 Hz power in the left hemisphere peaks significantly higher than that of the right hemisphere.
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FIGURE 2
 Raw recordings and PSD results of SWD and SWD-like activity. The left side of the figure shows the EEG recordings (filtered in 1–40 Hz) of two examples of SWD-like activity developed in the left hemisphere and one example of mature SWD activity recorded previously. Each subsequent two rows belong to the same animal. The right side of the figure shows the PSD results. As shown for the first two animals, SWD-like activity peaks at approximately 1.5–1.75 Hz, but for the third animal, the SWD activity peaks at 6 Hz and is similar on both hemispheres. L, left hemisphere; R, right hemisphere.





Discussion

Generalized SWDs are known to be the basic building blocks of the EEG of absence epilepsy when manifested bilaterally and synchronously (25). Several genetic and pharmacological animal models have been constructed to understand the fundamental etiological factors behind epilepsies better and identify potential therapeutic targets for anti-epileptic medicines (26). GAERS, as an absence epilepsy model, provides a valuable model to examine the underlying epileptogenesis process in the pre-epileptic stage of the first 30 days of life in this animal model. This process is important for investigating potential anti-epileptogenic and anti-seizure treatment approaches and their use in creating new animal models.

Spike-and-wave discharges are high amplitude, synchronous, and, most significantly, bilateral. Previous studies were performed with unilateral cortical resection, but no change was reported. In contrast, SWDs were no longer noticeable after bilateral resection. These results suggest that SWDs are completely abolished after bilateral removal of the focal region, most likely by interfering with an intracortical columnar circuit (27), which also supports the cortical focus, whereas only inhibition of the local cortical network removed all seizures. Another unilateral onset is that SWDs have induced fluid percussion injury in rats, and it serves as a model for complex partial seizures in human post-traumatic epilepsy (28). In this model, anti-absence ethosuximide has been shown to suppress both unilateral or bilateral SWDs, whereas carbamazepine had no effect (28). Some drugs, such as potassium chloride, block SWDs somewhat in the ipsilateral cortex and thalamus (29). Furthermore, bilateral or unilateral SWDs have been observed to alternate between hemispheres after corpus callosum excision, implying that the corpus callosum is related to SWD generalization (30). Landau–Kleffner syndrome, commonly known as electrical status epilepticus of sleep, has focal SWDs (31). However, no report has shown unilateral induction of SWD-like activities with pharmacological or chemical agents.

In addition to the induction of unilateral seizures with dexmedetomidine, this study questions the focal origin hypothesis of absence seizures, specifically SWDs. Despite the absence of SWD activity observed in the baseline EEG of the pup GAERS, which is expected to be in their epileptogenesis period (before PN30), a dose of 0.6 mg/kg dexmedetomidine selectively induced unilateral SWD-like events in the left cortex of half of the animals. Animals that exhibited unilateral SWD-like activities accounted for 47% of the total sample. Unilateral expression of normally generalized seizures suggests a focal start. Some studies with dexmedetomidine also induced focal seizures suggest the activation of α2AAR may start the SWDs. In addition to these results, dexmedetomidine-inducing focal seizures in a periphery reflex model (20, 21) draw attention to α2AAR-mediated seizure initiation mechanisms.

Dexmedetomidine closely resembles and facilitates natural non-REM sleep (32) and therefore improves sleep in patients receiving dexmedetomidine anesthesia in comparison to other anesthetics after surgery by altering sleep structure (33, 34). Dexmedetomidine also modulates the release of inhibitory compounds such as γ-aminobutyric acid and galanin due to reduced control over the ventrolateral preoptic nucleus, further inhibiting the locus ceruleus and tuberomamillary nucleus by the inhibition and disinhibition of the locus ceruleus and ventral lateral preoptic nucleus (35). The α2AAR agonist effect of dexmedetomidine on NREM sleep might be influenced by postsynaptic α2AAR (36). Meanwhile, changes in high-frequency oscillations in the thalamus and neocortex have also been observed during dexmedetomidine anesthesia (37). In a genetic model of absence epilepsy, alterations in sleep characteristics were identified in WAG/Rij rats encompassing extended transitions from wakefulness to sleep, prolonged intermediate sleep stages, more frequent subsequent arousals, and a reduced proportion of REM sleep (38–40). That also points out the positive relationship between absence seizures and the increase of NREM activity as it is already known both rhythms of SWDs and NREM activities are synchronized in the thalamocortical circuitry (41, 42). The focal point pertains to the plausible role of dexmedetomidine in potentially inducing the transition of slow wave and delta oscillations, thereby precipitating SWDs.

A recent study on the mesoscale modeling of SWDs highlights and sheds light on the initiation, maintenance, and termination of SWDs by integrating pyramidal cells (43) and interneurons in the cortex (44, 45) as well as the ventroposterior medial nucleus of the thalamus, reticular thalamic nucleus (RTN), and nervus trigeminus (46). In this model, SWD might be initiated by one of the three mechanisms: an increase in intracortical excitability, external driving from the nervus trigeminus to the thalamic ventroposterior medial nucleus, or low-frequency harmonic stimulation of the cortex. While the maintenance was caused by increased coupling from RTN nodes to both pyramidal nodes and cortical interneurons (46), the termination was driven by increased coupling from rostral RTN to the brain or high-frequency electrical stimulation. We first demonstrated that SWD-like activity might be induced unilaterally using the α2AAR agonist dexmedetomidine. Though it appears to be the start of SWD-like activity in the left cortex, our previous study with a status epilepticus model found that dexmedetomidine generated sustained SWDs in adult rats, which is more consistent with the maintenance of SWD activity.

Our previous study (15) introduced this absence status epilepticus model with the induction of dexmedetomidine in adult GAERS. Recent reports on dexmedetomidine increasing the duration of SWD activity (15) provide evidence that dexmedetomidine influences SWD duration. For instance, Sitnikova et al. (47, 48) provided preliminary results of dexmedetomidine increasing mean duration of SWDs in another model of genetic absence epilepsy Wistar Albino Glaxo/Rijswijk (WAG/Rij), and dexmedetomidine does not shorten the SWDs unlike other anesthetics (49).

The mean sleep duration differed significantly between animals that exhibited unilateral SWD-like activities or not in this study as well. This difference can potentially be attributed to two distinct factors. First, anesthesia-induced sleep may interfere with the initiation of unilateral activities. Because our EEG recordings were obtained 2 h after injection, some animals may not fully emerge from the anesthesia during this timeframe. Second, given the metabolic differences among the animals, mainly as they are still in the pup stage, it is conceivable that the dosage of dexmedetomidine administered may have exceeded the specific activation threshold of α2AAR. These factors may have contributed to the observed difference in sleep duration between the animals.

Another issue on dexmedetomidine as addressed by many studies is the possible induction of respiratory or cardiovascular system-related adverse effects. Recent studies point out a either positive influence or no influence on the respiratory parameters (50–53). Conversely, a significant reduction in heart rate and instances of bradycardia have been reported as some of the cardiovascular effects (51). Yet, the relationship between them is yet to be investigated in terms of the sleep and SWD-related mechanisms.

As a result, it remains unclear whether the induction of unilateral SWD-like events reflects the initiation or maintenance phase of SWDs. In any case, α2AAR appears to be a strong candidate for further investigation as the primary mechanism behind the initiation or maintenance of SWDs as well as the modulation of switch mechanisms between sleep and SWDs. Further research into the exact cortical process and the role of α2AAR would be valuable.
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GSE71058 (90) Gene expression profiling in dentate granule Gyrus dentatus 12 patients with mesial temporal lobe epilepsy, 0-84.45
cells from patients with mesial temporal lobe including 5 samples from patients with
epilepsy with or without hippocampal hippocampal sclerosis and 7 without hippocampal
sclerosis sclerosis.
GSE94744 (91) Microglia and the immune response to a CAl 7 patients with mesial temporal lobe epilepsy and 1.01-28.62
human temporal lobe seizure hippocampal sclerosis
CA3 5.16-33.61
Gyrus dentatus 3.20-18.02
Subiculum 5.36-55.77
GSE127871 Altered expression of signaling pathways Hippo- campus Investigation of alterations in hippocampal gene 2.34-66.01
regulating neuronal excitability in expression in temporal lobe epilepsy (<4 seizure
hippocampal tissue of temporal lobe epilepsy episodes per month vs. >4 seizures per month, 5
patients with low and high seizure frequency and 7 patients per group, respectively)
GSE134697 (92) Hippocampal and neocortex transcriptome Temporal neocortex 17 mesial temporal lobe epilepsy patients 6.34-31.63
sequencing data from 17 mesial temporal
lobe epilepsy patients and 2 neocortex Hippocampus 2.58-98.75
samples from neurologically healthy controls
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Gene set Structure Study group(s) Expression Differential Measure
ID levels* expression units
GSE138370 Changes in calcium homeostasis and Hippocampus | ORAII overexpressing 49.38-90.56 NS CPM
(95) gene expression implicated in epilepsy group (n=3) vs, WT**

in hippocampi of mice overexpressing (n=3)

ORAI1
GSE147466 Genetic deletion of microRNA-22 blunts | Hippocampus miR-22-/- (n=4) vs. 44.47-75.63 Loss of Arc FPKM
(96) the inflammatory transcriptional WT (n = 4); status expression in

response to status epilepticus and epilepticus in both miR-22-/- group

exacerbates epilepsy in mice groups (Pagj < 0.023)
GSE151742 Expression of the neuronal tRNA Hippocampus B6N-n-Tr20-/- (n = 3) 66.48-161.59 NS CPM
©7) n-Tr20 regulates synaptic transmission vs. BN WT (n = 3) (ribosomal),

and seizure susceptibility 66.58-128.52

(total)

GSE169481 Deletion of a non-canonical regulatory Hippocampus heterozygous Scnla KO 114.12-209.22 NS CPM
(98) sequence causes loss of Scnla expression (n=3) vs. WT (n=4)

and epileptic phenotypes in mice
GSE215425 WWOX P47T loss-of-function Prefrontal WWOX P47T 43.70-698.65 NS CPM

mutation induces epilepsy, progressive cortex (loss-of-function

neuroinflammation, and cerebellar mutation induces

degeneration Parietal cortex | epilepsy, n = 5) vs. WT 34.47-496.00 NS CPM

=5
Hippocampus | "= 342123161 | Ns cPM
Cerebellum WWOX P47T (n=3) vs. 18.57-29.26 Ns CPM
WT (n=4)

*In control animals.
**NS, non-significant.
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FCD lIb TSC

Male/female 10/5 14/10

Median age of surgery (years) | 13.3(3.5-34.0) 8.9(2.0-32.0)

Median age at onset of seizure | 5.1(0.2-18.0) 3.0(0.3-14.8)

(years)

Seizure type FAS (1/6.7%) FAS (3/12.5%)
FIAS (1/6.7%) FIAS (5/20.83%)
EBTCS (2/13.3%) EBTCS (1/4.1%)
GAS (1/6.7%) GAS (2/8.3%)
GTS (3/20%) GTCS (13/54.17%)
GTCS (7/46.7%)

Lesion location Frontal (9/60%) Frontal (15/62.5%)
Temporal (5/33.3%) | Temporal (4/16.7%)
Parietal (1/6.7%) Parietal (3/12.5%)

Occipital (2/8.3%)
Median duration of epilepsy 43(0.9-20.0) 2.50 (0.2-30.0)

(years)

Median seizure frequency 105.0 (1-3000) 12.5 (1-300)

(per month)

Postoperative outcome 1(13/86.7%) 1(18/75%)

(Engle’s class) 111 (1/6.7%) 11 (2/8.3%)
IV (1/6.79%) 111 (2/8.3%)

1V (2/8.3%)
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a-syn DNs - 3.67 £ 0447 0£0
BCs/GCs - 3334033 0£0
P-a-syn | DNS 286+0.13 | 688067 | 8.14+0.86"
BCs/GCs - 7.86 0,56 5.43 % 1.09
***p < 0001, FCD IIb, TSC vs. CTX, respectively. Unpaired two-tailed t-test, n = 7-9

specimens for each group.
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Cell source Author, year Recipient, age

Murine embryonic | Alvarez-Dolado etal. (2006) | CD-1 mice, P3-4

progenitor cells

Calcagnotto et al. (2010) CD-1 mice, P60

Hunt et al. (2013) CD-1 mice, P60

Howard and Baraban (2016) | CD-1 mice, P1-3

Hsich and Baraban (2017) CD-1 mice, P2
Human embryonic | Maroof etal. (2013) NOD-SCID IL2RG™~
stem cells mice, P2

Nicholas etal. (2013) SCID mice, P2

Interneuron markers

CTX: GABA (68.6%) PV (38.3%);
SOM (43.2%); CR (1.9%); NPY
(7.8%).

HP: GABA (42.8%); PV (33.7%);
SOM (33.8%); CR (10.3%); NPY
3.1%).

HP: GABA (54.6%); PV (34.6%);
SOM (34.3%); CR (3.5%); NPY
(18.8%)

HP: GADG7 (63%); PV (7.7%);
SOM (41.3%); nNOS (21.6%); CR
(6.4%); NPY (7.5%); Reelin
(12,5%); VIP (0%).

HP: GADG7 (61.2%); PV (22.5%);
SOM (36.2%); CR (6.98%); NPY
(3.56%)

HP: PV (28.8%); SOM (36.3%);
nNOS (9.4%); CR (5.4%); Reel
(10.7%); VIP (0.25%).

CTX: GABA (90.2%) no PV or
SOM cells

CTX: GABA (50.9%); PV (not
reported); SOM (50.1%); CB
(60.9%); CR (72.5%).

Addi

nal properties
Migration >5 mm from injection site

Regular-spiking non-pyramidal, burst-onset
regular-spiking non-pyramidal and fast-spiking

firing properties

Fully mature morphology

Migration >1.5mm from injection site

Regular-spiking non-pyramidal, burst-spiking,
late-spiking and fast-spiking firing properties

Regular-spiking non-pyramidal and fast-spiking
firing properties

Functional inhibitory connections with native

pyramidal neurons

“Physiologically active neurons”
Undifferentiated bipolar or unipolar
morphologies

“A fraction of human cells migrated more than
1mm”

Significant delay to spike at threshold and little
adaptation (Type 1) and rapid adaptation (Type
11) firing properties

P: postnatal day; CTX: cortex; HP: hippocampus; GABA: gamma-aminobutyric acid: PV: parvalbumin; SOM: somatostatin; CR: calretinin; VIP: vasoactive intestinal peptides NPY:

neuropeptide Y; nNOS: neuronal nitric oxide synthase; CB: calbindin.
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Neurotransmitters Type of effects Type of receptors Respiration Audiogenic References

seizures/SUDEP

5-HT Lower 5-HT levels Increased expression of - + (25,47)
5-HT2B
Decreased expression of - + (11, 40)
5-HT2C, 5-HT3, and 5-HT4

Adenosine Increases in extracellular Over-stimulation of - + (49)

adenosine adenosine Al and A2a
Noradrenaline Lower levels Reduced number of n + (50)

al-adrenoceptor binding sites

Dopamine Lower DA levels n + (51)
Glutamate Increased function Upregulation of NMDA n + (52)
GABA Decreased function GABA4 n + (53-55)

+, activation; -, inhibition; n, no evidence.
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ASM running Clonus n ferences
Carbamazepine 106 (8.1-13.8) 4.4 (3.6-5.4) 3.0 (2.6-3.8) (98,99)
Diazepam 0.49 (0.34-0.71) 0.28 (0.2-0.39) 0.24 (0.15-0.39) (98,99)
Ethosuximide 290 (207-406) 138 (96-198) 90 (70-116) (98,99)
Felbamate 114.6 (92-142.7) 48.8 (35-67) 23.1(12.1-44) (98,99)
Gabapentin 38 (16-51) 203 (13.7-30.2) 13.9 (8.7-22.3) (98, 99)
Gabapentin 38 (16-51) 20.3(13.7-30.2) 139 (8.7-22.3) (98,99)
Lamotrigine 6.1(4.6-8.1) 3.5(24-5.1) 1.1 (0.7-1.8) (98,99)
Levetiracetam 15.38 (12.17-19.45) 977 (7.22-13.22) 7.89 (5.89-10.57) (98,99)
Oxcarbazepine 11.4(97-13.3) 42(3.0-5.88) 32(27-379) (98,99)
Perampanel ND ND 047 (100)
Phenobarbital 7.1(5.6-9.0) 3.4(23-5.0) 24(1.7-34) (98,99)
Phenytoin 4.3 (3.1-6.0) 2.5(1.8-3.5) 2.0 (1.6-2.5) (98,99)
Retigabine 1252 (9.92-15.8) 6.78 (4.60-9.99) 4.83 (2.98-7.83) (98,99)
Topiramate 22.9(15.8-33.9) 12.12 (6.94-21.15) 6.12 (3.48-20.88) (98,99)
Valproate 84 (63-114) 43 (33-56) 31(22-43) (98,99)
Brivaracetam ND 2.4 (14-4.0) ND (101)
Unmodified CBDV BDS 127.56 (92. 39-176.12) 73.81 (53.24-102.34) 50.93 (29.85-86.88) Unpublished data

Data are expressed in mg/kg. ND, not determined.






OPS/images/fnins-17-1177678/crossmark.jpg
(®) Check for updates






OPS/images/fneur-14-1243301/crossmark.jpg
(®) Check for updates





OPS/images/fnins-17-1157060/fnins-17-1157060-g002.jpg
A CaMKlla-ChR2-e YF P B
7 Penicilin injection bluelyellow light-OFF, 1805
[ Mo gew
| T |
Virus Sugery  EEG light-
=i e blelyelow ightON, 1805
T80 mins
Chrzrbue o (5 iRz Tt (=11) GrRzsyolon Tgh (6]
Fs s Fs s Fs s
TP Aww"
1 I L—10s
100| 20
15
2 50|
o
0 Vx10-10
£ besselowignon F G
N - ChR2sblue light (1=5)
2 N 2 ZDVD-." +  ChR2+no light (n=11)
2 i & " _ i+ ChR2syellow light o
2 €4 £ 1500 ¢ e
i g £
z, - ¥
E‘ H §mnn-
- s o
B o 2
o
OEPPRSPESNOLNPIS COPPASELLOLSPES o
Time (min) “Time (min)
259 259 & . -
£ 0. £ 2. H
@ 8 3 "
Lrs 515 £ \{ - ChR2+blue light ONIOFF (n=5)
310 3 £ - ChR2¢yelow lght ONIOFF (n=6)
£ 1 ]
ER Z 5 -
o o
N S & &
R Ry EEPPRSPESTOESFES
& i@d‘ & i«‘@ Time (min)
& &
& £ & & &





OPS/images/fneur-14-1201104/fneur-14-1201104-t003.jpg
Gene set Structure Study group(s) Expression Differential
ID levels* expression
GSE137473 A systems approach delivers a hippocampus Perforant pathway 3.59-7.52 NSs* FPKM
(100) functional microRNA catalog and stimulation (PPS) model
expanded targets for seizure suppression (n=3)vs.Ctrl (n=3)
in temporal lobe epilepsy
GSE143555 RNA sequencing of laser-captured CAl kainic acid-induced status 49,72-67,39 Downregulated in CPM
(101) hippocampal deep and superficial CA1 epilepticus (n = 3) and (superficial the superficial layer
subfields in epilepsy sham control (n =3 layer); in kainite-treated
group), deep and 63.99-8132 animals (Padj <
superficial CA1 subfields Ideep layer) 0.0019)
were studied separately
GSE173885 Transcriptome of the audiogenic rat corpora KM - audiogenic epilepsy | 13.12-25.20 NS cPM
(102) strain and identification of possible quadrigemina | ratstrain (n = 3), Wistar
audiogenic epilepsy-associated genes rat (n = 4); outbred strain
from KM rats (n = 4)
GSE178409 Transcriptomic analysis of dorsal and subiculum Ventral and dorsal 135.44-179.41 Downregulated in CPM
ventral subiculum after the induction of subiculum, after the (dorsal); dorsal subiculum in
acute seizures by the electric stimulation induction of acute 30.91-63.16 treated animals
of the perforant pathway in rats seizures by electric (ventral) (Padj <0.0024)
stimulation (1 = 5) and in
the control group (n = 5)
GSE193580 Hippocampus RNA-sequencing of Q808 | hippocampus Rats were randomly 35.06-80 NS FPKM
against PTZ-induced seizure model divided into vehicle
control group (n = 4),
PTZ + vehicle group (n =
5),and PTZ + Q808
group (n=15)

*In control animals.
**NS, non-significant.
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Animal epilepsy models

Epilepsy symptoms
and manifestations

Possible role of Arc in the control of
epileptogenic activity

References

Non-genetic models
Mice’ neuronal hippocampal and cortical cultures. Synchronized network Activity-induced Arc expression in neurons and astrocytes. (106)
Epileptogen’s (4-Aminopyridine, bicuculline, bursting in hippocampal
forskolin) local administration cultures
Temporal lobe epilepsy model (rats) Status epilepticus Optogenetics seizure control targeting intense ARC (112)
pilocarpine-induced epilepsy immunoreactive neurons
Intense ARC immunoreactive neurons may have the
potential to control epileptic seizures.
The mesial temporal lobe epilepsy model with the | Epileptiform events and status | The upregulation of Arc mRNA (1) is positively correlated (80)
sclerotic hippocampus (mice) epilepticus in the with the epileptiform bursts, (2) increases during the
Optogenetically stimulated and kainic hippocampus increase of burst amplitudes and (3) increases with
acid-induced epileptogenesis prolonged paroxysmal episodes.
Arc is a possible mediator between synaptic plasticity and
seizure activity.
Epilepsy after electroconvulsive shock treatment Behavioral seizures with 1. Intensive electrostimulation: the high proportion of (23)
(rat) hind-limb extension and Arc-positive neurons in the dentate gyrus, intermediate in
rat hippocampus and perirhinal cortex tonic-clonic motor responses the CA3 region of the hippocampus, lowest in the perirhinal
relationship between the current intensities that cortex
elicit seizures and the threshold for Arc mRNA 2. Low-intensity electrostimulation: an opposite Arc
transcription in the rat hippocampus and expression profile (lowest in the dentate gyrus and highest in
perirhinal cortex the perirhinal cortex)
Pentylenetetrazole-induced kindling in rats The seizure intensity was The most prominent increase in Arc expression during (107)
classified according to the kindling was present in the entorhinal cortex, the dentate
Racine scale gyrus, and the basolateral nucleus of the amygdala
Intraperitoneal injection of pilocarpine to induce The seizure intensity was Using Arc immunoreactivity as an indicator of granule cell (110)
status epilepticus in rats classified according to the activation, authors found that granule cells born after
Racine scale pilocarpine-induced SE did not express Arc more intensely
than the surrounding granule cells and, in addition, transient
seizure activity induced by pentylenetetrazol did not activate
mature granule cells born after SE more intensely.
Electroconvulsive seizures in rats Observation of generalized Electroconvulsive seizures strongly induce prolonged (108)
tonic/clonic seizure that lasted | Arc/Arg3.1 transcription in dentate granule cells.
~15 sec Assessment of Arc/Arg3.1 mRNA revealed that the
induction of Arc/Arg3.1 transcription was blocked by
NMDA receptor antagonists
Kainic acid-induced seizures in mice Behavioral observation of the Seizures elevated Arc/Arg3.1 protein in the granular cell 113)
onset of seizure layer and molecular layer of the dentate gyrus and in the
pyramidal cells in CA1-3. The induction of a large number
of activity-regulated genes, including Arc/Arg3.1, ArlSb,
Gadd45b, Inhba, and Zwint, is indeed dependent on ERK
phosphorylation.
Genetic models
Angelman syndrome mouse model (mice). AS Enhanced seizure-like The reduction of the level of Arc expression has the potential (68)
mice lack a functional copy of maternally response to an audiogenic to reverse the seizures associated with Angelman syndrome
inherited UBE3A but with a wild-type copy of the stimulus
paternally inherited UBE3A allele.
Angelman syndrome UBE3A™/P* model in mice | Field potential recording in Local circuits of UBE3A™/P* in vitro are hyperexcitable (114)
brain slices and display a unique epileptiform activity
Transgenic mice that express EGFP-Arc A single generalized Arc mRNA degradation occurs via a mechanism with (115)
electroconvulsive tonic/clonic characteristics of nonsense-mediated mRNA decay (NMD).
seizure that lasted Rapid dendritic delivery of newly synthesized Arc mRNA
approximately 15s. after induction may depend in part on prior splicing of the
3UTR.
EGFP-tagged Arc in the primary culture of Switch from Activity-induced Arc/Arg3.1 accumulates at spines during (29)
hippocampal neurons tetrodotoxin-induced synaptic inactivity. Synaptic Arc/Arg3.1 reduces surface
inactivity to BDNF treatment | AMPAR levels in individual spines.
Patients with idiopathic generalized epilepsy Absence epilepsy Authors suggest the presence of an idiopathic generalized (116)
including childhood absence epilepsy and juvenile epilepsy susceptibility allele in the ARC gene.
myoclonic epilepsy
Mutant mice with the deletion of the Drd1a gene Behavioral and EEG Administration of D1-type receptor agonists promotes the (105)
to prevent dopamine D1 receptor expression observation of seizures expression of Arc/Arg3.1 in the hippocampal dentate gyrus.
Deletion of Drd1a gene prevents the effect
Wistar Albino Glaxo from Rijswijk (Wag/Rij) rats | Absence epilepsy Hippocampal mGlu5 receptor-dependent synaptic plasticity (117-119)
is associated with the pathological phenotype of WAG/Rij
rats. Arc is involved in mGluR-induced long-term synaptic
depression (mGluR-LTD)
Arc~/-and Arc+/-mice Electrical stimulation of Genetic disruption of Arc leads to concomitant hypoactive (120)
dopamine neurons in the mesocortical and hyperactive mesostriatal dopamine
midbrain ventral tegmental pathways.
area and Ca-imaging
Arc™/~ Mice Arc™/~ mice are more Arc specifically reduces surface GluR1 internalization at thin @n
Have Decreased Spine Density and Increased susceptible to seizures in spines, and Arc mutants that fail to facilitate AMPAR
Spine Width. response to systemic endocytosis do not increase the proportion of thin spines.
Kainite model challenges with Loss of Arc in vivo leads to a significant decrease in the
pentylenetetrazol (PTZ). proportion of thin spines and an epileptic-like network

hyperexcitability.
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Animal ID Pre-medication VPA treatment

2-3 3rd day 4th day 5th day 6th day 7th day
days
1. Gadl (+/+) 10hin - - 4h - 4h - 2h
total
2. Gadl (+/+) 9h - - - 4h - 3h 2h
3. Gadl (+/4) 5h . . . Sh } . )
4. Gadl (+/+) 10h - - 5h 5h - - -
1. Gadl (~/-) 7h - - - 4h - 3h -
2. Gadl (-/-) 10h - - 5h - - - 5h
3. Gadl (-/-) 10h - - - 5h - 2h 3h
4.Gadl (-/-) 8h - - 4h - 4h - -
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Animal ID Pre-medication (2—3 days) VPA treatment (7 days) VPA cessation (3 days)
1. Gadl (+/+) 37 ml/day, 502-510g 25 ml/day, 489-478 g 40 ml/day, 498 g

2. Gadl (+/+) 22 ml/day, 282-276 g 12 ml/day, 260-252 g 27 ml/day, 275 g

3. Gadl (+/+) 33 ml/day, 316-324g 30 ml/day, 302-298 g N.D.

4. Gadl (+/+) 25 ml/day, 272-277g 20 ml/day, 247-242 g 30 ml/day, 263 g

1. Gadl (-1-) 33 ml/day, 308-312g 23 ml/day, 300-294 g 30 ml/day, 300 g
2.Gadl (-/-) 45 ml/day, 476-477 g 23 ml/day, 458-465g 50 ml/day, 474 g

3. Gadl (-/-) 30 ml/day, 310-300 g 20 ml/day, 288-272 g 30 ml/day, 284 g
4.Gadl (--) 31 ml/day, 281-282 g 18 ml/day, 256-255g N.D.

The body weight and the water intake of the rats were decreased by valproate treatment (VPA, 10 mg/ml, per os), but recovered after cessation of VPA treatment. N.D. (no data).
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Gadl Younger than 2 Older than 2

genotype months old months old
(-1-) 718 16/16
(+-) 0/4 6/6
(+/+) 13 14/16

The rats were separated into two age groups (young and old) and examined for the presence
of spike-wave discharges (SWDs) in EEG. In all, 45 rats were recorded; 4 out of 20 Gad1 (-/-)
rats, 1 out of 9 Gadl (+/-) rats, and 3 out of 16 Gadl (+/+) rats were examined in both
age groups.
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Responses

Gadl (~/-) group 300 281

Control group 300 277

Three Gad1 (~/-) rats, one Gad1 (+/-) rats (control group), and two Gad1 (+/+) rats (control
group) were presented with a short buzzer tone (300 times in each group), and their overt
responses to the tone, e.g., twitching a body part (pinna, neck, whisker pad, and so forth)
or interrupting their behavior (chewing pellets, exploring on the floor, and so forth) were
counted. A total of 281 responses were recorded in the Gad1 (~/-) group, and 277 responses
were recorded in the control group, indicating that all genotypes had similar hearing abilities.
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