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Editorial on the Research Topic
 Epilepsy and Neurodevelopmental Diseases



The association between epilepsy and neurodevelopmental diseases is well-recognized and has gained significant attention in the field of neuroscience in recent years. One of the main reasons for this interest is the need for a better understanding of the events that lead to the development and maturation of the CNS. This is a fundamental and necessary basis for potential breakthrough strategies that could guide novel and more effective disease-modifying therapeutic approaches to neurodevelopmental syndromes that are frequently characterized by severe and drug-resistant epilepsy.

The perspective of such new therapeutic strategies is very promising. At the state-of-the-art, patients afflicted by these rare neurodevelopmental disorders mostly rely on “symptomatic” approaches that mitigate seizures and other major symptoms but do not target the underlying biological causes of the disease.

The study of this vast field of research is extremely complex and requires a multidisciplinary approach, from neuropathological to molecular and functional studies since even “simple” triggering events (e.g., a genetic mutation) during critical periods of brain development can lead to widespread effects on brain morphological and functional features.

This issue represents the concept of an integrated, interdisciplinary translational approach to epileptic syndromes of neurodevelopment. For instance, Rosch et al. thoroughly describe invertebrate animal models such as zebrafish and drosophila which can be used as tools to investigate the early stages of neurodevelopment. Even though these “simple” models are far from the complexity of the human brain, they offer superior manageability to mammalian models, allowing researchers to perform single-cell resolution studies on whole-brain imaging, thus tracking the effects of a pathogenic event from the “larval” stages to the mature brain.

Since the mechanisms by which an insult determines pathological events during neurodevelopment are not always univocal, they can be explored from different angles, using different methods and multidisciplinary perspectives in research design. For example, considering their pivotal role in neurotransmission, it is not surprising that many researchers have made efforts to characterize ion channels. Here, two original research articles by Levinson et al. and by Mao et al. followed this path.

The first by Levinson et al. supports the role of metabotropic GABAB receptors (GABABRs) in pediatric focal cortical dysplasia (FCD) and tuberous sclerosis complex (TSC) through an electrophysiological study of patients' brain slices. This research strengthened the hypothesis that there is significant participation of GABABRs in synaptic inhibition in the aforementioned pathologies, highlighting the importance of studying possible therapeutic targets in a “comparative” fashion, since the permissive role of GABABRs was observed in FCD and TSC, but not in non-dysplastic tissues.

The second study by Mao et al. reported two novel mutations in the KCTN2 gene, encoding for KNa1.2 subunit of the sodium-dependent voltage gated potassium channel KNa. This protein frequently mutates in Epilepsy of Infancy with Migrating Focal Seizures (EIMFS) and this study deepened the knowledge of disease genetics and physiology, thus facilitating future studies of the mutated channel in cellular models.

The review by van Loo and Becker describes acquired and genetic channelopathies from an original point of view. This review makes clear that the direct malfunction of a channel protein is not the only problem, as many events precede the incorporation of the channel in the cellular membrane, such as regulation of mRNA transcription, micro-RNA interference, and epigenetic mechanisms such as DNA methylation.

In addition, another review by Fattorini et al. tackles the other relevant mechanisms that can modulate neurotransmission: neurotransmitter reuptake. The authors have reviewed recent findings on the localization of GAT-1 to underline the widespread distribution of the transporter in the CNS as an alternative to traditional ideas about its neuron-specific expression. This is an important contribution to a field that is continuously evolving.

The research article by Duy et al. proposed an interesting approach, aiming to restore an optimal function of KCC2 to enhance neuronal chloride extrusion, making neurons less prone to generate epileptic discharges. Such research also raises the question of whether similar strategies may prevent epileptogenesis and cognitive impairment when applied early during development.

The pathologic traits in the cytoarchitecture of the diseased brain are also explored in this issue. Liu et al. performed a proteomics study that described how the expression of Rho GTPases in hippocampal dentate granule cells may support the abnormal migratory activity observed in mesial temporal lobe epilepsy, determining granule cell dispersion. These dysmaturative processes reproduce events, characterizing early developmental stages, with detrimental consequences. These findings clearly show that the dysmaturation is not confined to the early stages of development but it is also a feature of adult mesial temporal lobe epilepsy. Liu et al. explored the impact of an early developmental dysregulation of the mechanistic target of rapamycin (mTOR) pathway, as a result of mutations of STRADA (pseudokinase STE20-related kinase adaptor alpha, an mTOR regulator), leading to a continuous overactivation of mTOR signaling. In particular, they studied the malfunction of STRADA with complementary techniques such as CRISPR-edited Strada mouse N2a cells and induced pluripotent stem cells (iPSCs). This study highlighted the novel contribution of this protein to pathologic hallmarks of mTORopathies such as increased cell size, neuronal hyperexcitability, and impaired cortical lamination.

The list of promising targets that require further investigation is much longer, as indicated in papers by Allocco et al. and Fassio et al.. The first research article defined a role for the impairment of Na+/K+ ATPase function in the pathogenesis of congenital hydrocephalus trough whole-exome sequencing, bioinformatics, and computational modeling. Indeed, these authors, by characterizing novel mutations of α3 subunit of Na+/K+ ATPase, have described, for the first time, a link between this protein and congenital hydrocephalus.

In their review, Fassio et al. highlighted the role of autophagy in neurodevelopment and epilepsy as a key process involved in neurogenesis, neuronal polarity, and synaptic function. Notably, these authors shed new light on this physiological mechanism, suggesting that defective autophagy may represent an additional therapeutic target for epileptic neurodevelopmental diseases.

In conclusion, this Research Topic combines different fields of neuroscience that analyze the correlation between epilepsy and neurodevelopment from different points of view. Therefore, as well as making significant contributions to research, this topic highlights the need for an integrated approach—from anatomy and pathology to molecular biology and electrophysiology—to speed-up the progress in this research field.
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Background: ATP1A3 encodes the α3 subunit of the Na+/K+ ATPase, a fundamental ion-transporting enzyme. Primarily expressed in neurons, ATP1A3 is mutated in several autosomal dominant neurological diseases. To our knowledge, damaging recessive genotypes in ATP1A3 have never been associated with any human disease. Atp1a3 deficiency in zebrafish results in hydrocephalus; however, no known association exists between ATP1A3 and human congenital hydrocephalus (CH).

Methods: We utilized whole-exome sequencing (WES), bioinformatics, and computational modeling to identify and characterize novel ATP1A3 mutations in a patient with CH. We performed immunohistochemical studies using mouse embryonic brain tissues to characterize Atp1a3 expression during brain development.

Results: We identified two germline mutations in ATP1A3 (p. Arg19Cys and p.Arg463Cys), each of which was inherited from one of the patient’s unaffected parents, in a single patient with severe obstructive CH due to aqueductal stenosis, along with open schizencephaly, type 1 Chiari malformation, and dysgenesis of the corpus callosum. Both mutations are predicted to be highly deleterious and impair protein stability. Immunohistochemical studies demonstrate robust Atp1a3 expression in neural stem cells (NSCs), differentiated neurons, and choroid plexus of the mouse embryonic brain.

Conclusion: These data provide the first evidence of a recessive human phenotype associated with mutations in ATP1A3, and implicate impaired Na+/K+ ATPase function in the pathogenesis of CH.

Keywords: congenital hydrocephalus, ATP1A3, Na+/K+ ATPase, whole exome sequencing, genetics


INTRODUCTION

Congenital hydrocephalus (CH) is the most common reason for brain surgery in children and affects 1 in 1,000 newborns (Tully and Dobyns, 2014; Kahle et al., 2016). CH is characterized by ventriculomegaly, defined as dilation of cerebral ventricles, and thought to be secondary to impaired cerebrospinal fluid (CSF) homeostasis. Consequently, CH is treated by lifelong neurosurgical shunting with high complication rates and morbidity. The lack of satisfactory treatments highlights our incomplete understanding of CH pathogenesis (Kahle et al., 2016). There is a need to identify CH disease-causing genes, given that 40% of CH cases is estimated to have a genetic etiology (Haverkamp et al., 1999). Despite significant efforts to identify CH genes, including a recent whole-exome sequencing (WES) (Furey et al., 2018) study, the majority of CH cases remain idiopathic, underscoring the need for continued gene discovery.

ATP1A3 encodes the α3 subunit of the Na+/K+ ATPase, a fundamental enzyme that regulates ion homeostasis by maintaining ionic gradients across the plasma membrane (Clausen et al., 2017). ATP1A3 is highly expressed in neurons of the adult rodent brain (McGrail et al., 1991; Pietrini et al., 1992; Bottger et al., 2011) and mutations in the gene have been implicated in three autosomal dominant Mendelian diseases, including alternating hemiplegia of childhood (AHC) type 2 (Rosewich et al., 2012), CAPOS syndrome (Demos et al., 2014), and Dystonia-12 (Anselm et al., 2009). Knockdown of Atp1a3 in zebrafish (Doganli et al., 2013) results in hydrocephalus; however, no known association exists between ATP1A3 and human CH.

Here, we present the first case of obstructive CH with aqueductal stenosis and other structural brain abnormalities associated with recessive compound heterozygous mutations in ATP1A3.



MATERIALS AND METHODS


Patient/Family Information

The patient is a 23-year-old Caucasian female of European descent. CH was diagnosed on prenatal ultrasound at 18 weeks gestation (Figure 1A). MR imaging captured immediately after delivery demonstrated marked asymmetric obstructive hydrocephalus secondary to aqueductal stenosis. The patient underwent ventriculoperitoneal shunt placement at birth with three subsequent surgical shunt revisions and was further diagnosed via MRI and computed tomography (Figure 1B) with craniosynostosis, open lip schizencephaly, type 1 Chiari malformation, dysgenesis of the corpus collosum, and learning disability. Routine genetic testing (FISH, microarray) was negative. The patient’s mother reports two previous miscarriages. The mother reports a medical history of hyperthyroidism while the father reports a history of hypertension and anxiety. There are no known medical problems that run in the family on either the maternal or paternal side. The patient has one phenotypically normal sister. Institutional review board approval was obtained from the Yale University Human Investigative Committee, and all participants provided written informed consent.
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FIGURE 1. Damaging, protein-altering compound heterozygous ATP1A3 mutations in human congenital hydrocephalus and other structural brain defects. Pre-natal ultrasound (A) and postnatal computed tomography (B) images demonstrating asymmetric ventriculomegaly, agenesis of the corpus callosum, schizencephaly, and aqueductal stenosis. (C) Patient pedigree with affected individual denoted in blue. (D) DNA chromatograms depicting the maternally inherited c.G55A (p.R19C) and paternally inherited c.G1387A (p.R463C) compound heterozygous mutations in ATP1A3, encoding the α3 catalytic subunit of the Na+/K+ ATPase. (E) Mutation locations in canonically folded wild-type α3 subunits. (F) Evolutionary conservation across multiple species showing conserved positively charged amino acid side chain and hydrogen bonding by the positively charged side chains of Arg19 and Arg463 lost due to mutation of these residues.





Exome Sequencing and Analysis

To identify potential disease-causing variants in this patient, we performed WES on the affected individual and her parents. Targeted capture was performed using the xGEN Exome Research Panel v1.0 (IDT) followed by DNA sequencing on the Illumina HiSeq 4000 System. Sequence metrics are shown in Supplementary Table S1. Sequence reads were mapped to the reference genome (GRCh37) with BWA-MEM and further processed using the GATK Best Practices workflows (McKenna et al., 2010; Van der Auwera et al., 2013; 1000 Genomes Project Consortium, 2015) as previously described (Jin et al., 2017). Single nucleotide variants and small indels were called with GATK HaplotypeCaller and annotated using ANNOVAR (Wang et al., 2010), ExAC (v3), and gnomAD (v2.1.1) (Lek et al., 2016). The MetaSVM algorithm was used to predict deleteriousness of missense variants (Dong et al., 2015).

We filtered recessive variants for rare [minor allele frequency (MAF) ≤ 10–3 across ExAC and gnomAD] homozygous and compound heterozygous variants that exhibited high quality sequence reads. Only loss-of-function (LoF; including nonsense, frameshift, or canonical splice disruptions), D-Mis (MetaSVM-deleterious), and non-frameshift indels were considered potentially damaging to the disease. For dominant variants, we assessed for rare (MAF ≤ 2 × 10–5) and damaging variants (LoF or D-Mis). Finally, false positive variants were excluded by in silico visualization followed by Sanger sequencing validation.



In silico Modeling

The sequence of the human α3 subunit of the Na+/K+ ATPase (ATP1A3) was taken from the Uniprot (P13637). The crystal structures of the Pig Sodium/potassium-transporting ATPase subunit α(PDB id 4RET and 3WGV) exhibit 86% sequence identity with human ATP1A3 (residues 1-1013). The structure of 4RET and 3WGV were used as templates to construct a homology model of the human ATP1A3 using MODELLER (Fiser and Sali, 2003). Conserved Arginine residues are present at the equivalent positions of R19 and R463 in both human and pigs. The spatial orientations of the side chains in the templates from pig were used to model the side chains of R19 and R463. A total of twenty models were built and subjected to restrained energy minimization to relieve any steric clashes between the side chains and the nucleic acid. The stereo-chemical parameters were analyzed using PROCHECK and PROSA (Wiederstein and Sippl, 2007) and the final model was chosen based on the on the basis of the lowest Cα RMSD value after superimposition on the template structure (0.9 Å). This lies within the permitted range for accurate homology model construction for sequence identity in the high range (>80%) (Fiser, 2010). The mutants, R19C and R463C, were constructed and the free energy of change calculated (ΔΔG) in silico using the ICM mutagenesis program (Laskowski et al., 1993)1.



Immunohistochemistry

WT mouse embryos of C57/BL6 background were harvested at embryonic day 15.5. Brains were dissected and fixed in 4% PFA in PBS overnight at 4°C then cryoprotected in 30% sucrose in PBS for 48 h. Brains were then mounted in frozen OCT blocks and sectioned by cryostat at 25 μm in the coronal plane. Sections were mounted on microscope slides and stored in −80°C until use. To begin staining, slides containing brain sections were first thawed at room temperature, then washed in 0.5% PBST. Sections underwent antigen retrieval using citrate buffer, then washed in 0.5% PBST. Sections were blocked in 10% normal goat serum (NGS) in PBST at room temperature for 1 h, then incubated with primary antibodies diluted in 2.5% NGS in PBST at 4°C overnight. The primary antibodies were rabbit polyclonal anti-Atp1a3 (1:500 dilution) (Pietrini et al., 1992), mouse monoclonal anti-NeuN (1:250, MAB377, Millipore), and mouse monoclonal anti-Sox2 directly conjugated with Dylight 550 (1:250, MA1-014-D550, Invitrogen). Following primary antibody incubation, sections were washed and incubated with Alexa Fluor-conjugated secondary antibodies (1:500 in 2.5% NGS in PBST) for 1 h at room temperature. Following the final wash, slides were coverslipped with Prolong Gold Antifade mounting medium. For negative control, the primary antibody solution (containing anti-Atp1a3) was blocked with the immunizing peptide sequence (gdkkddsspkksc) (Pietrini et al., 1992). Images were acquired using the Zeiss LSM 880 confocal microscope or the Aperio digital scanner microscope. All experiments were done in accordance with the regulations set forth by the Yale University animal care and use committee.




RESULTS

Compound heterozygous mutations in ATP1A3 were identified in the affected individual. A maternally inherited single nucleotide G to A variation was identified at cDNA NM_152296 position 55 in exon 2 (gnomAD MAF = 6.4 × 10–5), corresponding to the amino acid substitution p. Arg19Cys in the α3 subunit. A paternally inherited single nucleotide G to A variation was identified at cDNA position 1387 in exon 11 (gnomAD MAF = 4.5 × 10–4), corresponding to the amino acid substitution p.Arg463Cys in the α3 subunit (Figures 1C,D). ATP1A3 is very intolerant to both loss-of-function mutations (pLI = 1) and missense variants (mis_z = 6.33) per gnomAD. No homozygous loss-of-function mutations or homozygous damaging missense mutations in ATP1A3 have been reported in gnomAD. Both variants are predicted deleterious per MetaSVM. CADD scores for the p.Arg19Cys and p.Arg463Cys variants were 34 and 24.8, respectively. Conservation of positively charged amino acid residues (arginine and lysine) was observed across species (Figure 1F).

In silico modeling of p.Arg19Cys and p.Arg463Cys mutations shows disruptive effects on protein stability. The side chain of arg-19 forms interactions with the backbone atoms of Ser-207 and Leu-267. This interaction is lost when Arg-19 is mutated to a cysteine with a corresponding energy penalty (ΔΔG = 2.3 kcal/mole, Figures 1E,F). Similarly, the side chain of Arg-463 makes strong hydrogen bond interactions with the side chain of Glu-486 and His-413. These strong interactions are lost when Arg-463 is mutated to a Cys (ΔΔG = 3.2 kcal/mole, Figures 1E,F).

The association of ATP1A3 mutations with CH and multiple other significant structural brain abnormalities implicate ATP1A3 in human brain development. Thus, we performed immunofluorescence studies in the embryonic mouse brain to characterize Atp1a3 expression. We stained histological brain sections collected from embryonic day 15.5 (E15.5) with an antibody against Atp1a3 (Pietrini et al., 1992) together with Sox2 [a marker of neural stem cells (NSCs)] (Ellis et al., 2004) and NeuN (a marker of differentiated neurons) (Mullen et al., 1992). Overall, Atp1a3 exhibits diffused and cytoplasmic expression throughout all cortical layers of the embryonic mouse brain (Figure 2). Co-localization studies showed that Atp1a3 is expressed in differentiated neurons at the cortical plate (CP) and in the NSCs at the ventricular zone (VZ) lining the lateral ventricles (Figures 2E–N). We also detected Atp1a3 expression in choroid plexus epithelial cells (Figures 2O,P). Furthermore, brain sections depicting the VZ and choroid plexus incubated with the Atp1a3 antibody blocked with the immunizing peptide showed minimal immuno-reactivity (Figures 2Q,R), demonstrating antibody specificity.
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FIGURE 2. Expression of Atp1a3 in the embryonic mouse brain at E15.5. Fluorescent images taken at low magnification showing expression of (A) Atp1a3, (B) Sox2, (C) NeuN, and (D) all channels merged in the embryonic mouse brain. Dotted boxes in panel A identify the cortex and the choroid plexus. High magnification cortical expression of (E) Atp1a3, (F) Sox2, (G) NeuN, and (H) all channels merged. MZ – marginal zone, CP – cortical plate, IZ – intermediate zone, SVZ – subventricular zone, VZ – ventricular zone. Dotted boxes in panel (E) shows the cortical plate and ventricular zone. (I–K) High magnification expression of Atp1a3 in NeuN+ cells in the CP. (L–N) Expression of Atp1a3 in Sox2+ cells in the ventricular zone. (O,P) High-magnification expression of Atp1a3 in the choroid plexus. (Q) Brain sections incubated with Atp1a3 primary antibody alone or (R) Atp1a3 primary antibody blocked with immunizing peptide.





DISCUSSION

Atp1a3 expression is exclusive to neurons and highly expressed in inhibitory interneurons (Richards et al., 2007), where it plays a crucial role in electrophysiological functions including ion gradient maintenance (Arystarkhova et al., 2019), after hyperpolarization (Picton et al., 2017), and suppression of burst firing (Vaillend et al., 2002). Mice harboring loss of function mutations in ATP1A3 exhibit increased seizure activity and neuronal hyperexcitability (Clapcote et al., 2009; Hunanyan et al., 2015) suggesting that ATP1A3 is crucial to maintaining normal neurological function. Human mutations in ATP1A3 have previously been discovered in a wide range of autosomal dominant neurological disorders (Heinzen et al., 2014), including encephalopathy with cerebellar ataxia (Sabouraud et al., 2019), AHC (Galaz-Montoya et al., 2019), rapid-onset dystonia Parkinsonism (ADP) (Anselm et al., 2009), cerebellar ataxia (Sabouraud et al., 2019), early-onset epilepsy (Ishihara et al., 2019), and autism spectrum disorder (Torres et al., 2018). Importantly, the majority of the mutations identified in AHC and RDP cluster in exons 8, 14, 17, and 18 (Rosewich et al., 2014), which are distinct from our variants (exon 2 and 11). To our knowledge, damaging recessive genotypes in ATP1A3 have never been associated with any human disease.

We identified two germline mutations in ATP1A3 (p. Arg19Cys and p.Arg463Cys), each of which was inherited from one of the patient’s unaffected parents, in a single patient with severe obstructive CH due to aqueductal stenosis, along with open schizencephaly, type 1 Chiari malformation, and dysgenesis of the corpus callosum. Both mutations are predicted to be highly deleterious and impair protein stability. Consistent with our results, morpholino knockdown of Atp1a3 causes ventriculomegaly in zebrafish (Doganli et al., 2013), recapitulating the hydrocephalus phenotype in our patient. Together, these data provide evidence for a recessive inheritance of CH with aqueductal stenosis caused by ATP1A3 compound heterozygous mutations.

Extending from previous work demonstrating expression of Atp1a3 in mature neurons (McGrail et al., 1991; Pietrini et al., 1992; Bottger et al., 2011), we found Atp1a3 to also be expressed in NSCs, differentiated neurons, and choroid plexus epithelial cells of the mouse embryonic brain. Our findings suggest two separate but not necessarily mutually exclusive mechanisms whereby ATP1A3 compound heterozygous mutations may cause ventriculomegaly. First, hydrocephalus is classically thought to be a disorder of failed CSF homeostasis secondary to obstructed flow, increased secretion, or decreased absorption by the arachnoid villi (Kahle et al., 2016). The ion pump Na+/K+-ATPase is known to regulate CSF secretion in the choroid by maintaining an osmotic gradient of Na+ that drives the movement of water into the cerebral ventricles (Masuzawa et al., 1984; Fisone et al., 1995; Speake et al., 2001). The Na+/K+-ATPase is composed of three subunits: α, β, and γ (Holm et al., 2016). The catalytic activity of Na+/K+-ATPase has been attributed to the α subunit, which binds ATP, Na+, and K+. Thus, α subunit dysfunction due to p. Arg19Cys and p.Arg463Cys mutations described in this study can impair CSF homeostasis and thus drive the development of hydrocephalus.

Second, our finding of Atp1a3 expression in embryonic NSCs suggests a novel role of ATP1A3 in regulating neural development. Thus, mutations that disrupt ATPA13 function may impair NSC regulation and suggest dysregulation of neural development, rather than failed CSF homeostasis, to be the primary pathogenic driver of human CH. Indeed, multiple lines of evidence from animals (Huang et al., 2007; Lessard et al., 2007; Carter et al., 2012; Roy et al., 2019) and humans (Guerra et al., 2015; Rodriguez and Guerra, 2017; Furey et al., 2018) suggest abnormal NSC development to be a primary driver of CH pathogenesis. This potential impact on the general process of neural development may not only underpin ventriculomegaly but also other developmental anomalies (type 1 Chiari malformation, corpus callosum dysgenesis, and intellectual disability) observed in our patient. In addition, the notable lack of dystonic, epileptic, or motor deficits in this patient suggests that the spectrum of ATP1A3 linked diseases may be broader than previously acknowledged.

In sum, our findings provide the first association of human CH with recessive mutations in ATP1A3, setting the stage for future studies to better understand the role of ATP1A3 in brain development and the pathogenesis of human CH.
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Epilepsy is a common neurological disorder characterized by recurrent and unprovoked seizures thought to arise from impaired balance between neuronal excitation and inhibition. Our understanding of the neurophysiological mechanisms that render the brain epileptogenic remains incomplete, reflected by the lack of satisfactory treatments that can effectively prevent epileptic seizures without significant drug-related adverse effects. Type 2 K+-Cl− cotransporter (KCC2), encoded by SLC12A5, is important for chloride homeostasis and neuronal excitability. KCC2 dysfunction attenuates Cl− extrusion and impairs GABAergic inhibition, and can lead to neuronal hyperexcitability. Converging lines of evidence from human genetics have secured the link between KCC2 dysfunction and the development of epilepsy. Here, we review KCC2 mutations in human epilepsy and discuss potential therapeutic strategies based on the functional impact of these mutations. We suggest that a strategy of augmenting KCC2 activity by antagonizing its critical inhibitory phosphorylation sites may be a particularly efficacious method of facilitating Cl− extrusion and restoring GABA inhibition to treat medication-refractory epilepsy and other seizure disorders.
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INTRODUCTION

A seizure is a transient increase in the brain’s electrical activity that may be triggered by a variety of factors, including medications (Chen et al., 2016), metabolic alterations (Imad et al., 2015), and infections (Zoons et al., 2008). When seizures arise spontaneously, they are considered to be epileptic. Epilepsy is the most common serious brain disorder worldwide (World Health Organization, 2019) characterized by recurrent and unprovoked seizures that can cause loss of consciousness and/or abnormal motor behavior depending on the afflicted brain region (Stafstrom and Carmant, 2015). The disorder affects 0.5% of the general population (Sander and Shorvon, 1996) and is associated with increased rates of mortality (Zieliński, 1974), cognitive impairment (Aldenkamp, 2006), and psychosocial dysfunction (Pershad and Siddiqui, 1992) at an annual cost to the US economy of $12 billion (Begley et al., 2000).

Epilepsy is classically thought to arise from an imbalance between neuronal excitation and inhibition, leading to a hyperexcitable state that is prone to seizure activity. Antiepileptic drugs (AEDs) are the mainstay therapy for epilepsy that aim to restore this balance in neuronal excitability by either suppressing excitatory neurotransmission or augmenting inhibition. Despite decades of medical research and development of novel third-generation AEDs, a third to a half of epilepsy patients on medications continue to have seizures (medication refractory epilepsy; Kwan and Brodie, 2000; Shorvon and Luciano, 2007; Cascino, 2008). Furthermore, AEDs often exert significant drug-related adverse effects, including dizziness, nausea, fatigue, depression, learning and memory impairments, and ataxia (Perucca and Meador, 2005). The lack of a truly satisfactory AED reflects our incomplete understanding of epileptogenesis, the set of pathogenic alterations that render neuronal networks hyperexcitable and thus vulnerable to pathological seizure activity. There is an urgent clinical need for novel insights into cellular and molecular mechanisms of epileptogenesis in order to develop more efficacious AEDs that can achieve seizure freedom with minimal or no side effects.

Human genetic studies have associated mutations in the neuron-specific type 2 K+/Cl− cotransporter KCC2 with the development of epilepsy (Kahle et al., 2014; Puskarjov et al., 2014; Stödberg et al., 2015; Saitsu et al., 2016; Saito et al., 2017; Till et al., 2019). Preclinical studies suggest that modulation of KCC2 activity by targeting critical regulatory domains may be exploited to suppress seizure activity (Moore et al., 2018), highlighting the key role of KCC2 in the regulation of neuronal excitability in physiological and epileptogenic states. In this article, we review the KCC2 mutations that are associated with the development of epilepsy in humans. We also discuss the therapeutic ramifications of these findings and postulate that KCC2 may be a potentially powerful therapeutic target for the development of novel AEDs to treat refractory epilepsy.



TYPE 2 K+-CL− COTRANSPORTER (KCC2) IN CHLORIDE HOMEOSTASIS AND SYNAPTIC INHIBITION

Neuronal excitability describes the propensity of a postsynaptic neuron to generate an action potential, a rapid rise and fall in membrane potential that occurs when the neuron reaches a threshold level of membrane depolarization. Consequently, neuronal excitability is governed by a dynamic balance between excitatory and inhibitory inputs. Excitatory inputs are depolarizing and thus raise the neuronal membrane potential towards the threshold, whereas inhibitory inputs are hyperpolarizing and lower the potential away from threshold. In the central nervous system, neuronal inhibition occurs primarily via activation of ligand-gated γ-aminobutyric acid (GABA) type A receptors (GABAARs) that are highly permeable to Cl−, and to a lesser extent, HCO3− (Kaila and Voipio, 1987). Ligand binding to GABAARs on the postsynaptic neuron opens a central pore to trigger a hyperpolarizing Cl− influx that lowers the probability of action potential being generated by neuron. The strength of synaptic inhibition is thus dependent on a low intra-neuronal concentration of Cl−, which provides the basis for an electrochemical gradient that permits passive movement of Cl− through the plasma membrane upon GABAAR activation.

The electroneutral K+/Cl− cotransporter KCC2 (encoded by SLC12A5) is a key determinant of Cl− homeostasis in neurons of the central nervous system (Kahle and Delpire, 2016; Moore et al., 2017). Under normal physiological settings, KCC2 uses the outwardly directed K+ gradient generated by the N+-K+ ATPase pump to extrude Cl− against its electrochemical gradient from neuronal cells in humans and thus maintains low intra-neuronal Cl− concentrations required for hyperpolarizing GABAergic currents. In a likely over-simplified but useful scheme, intra-neuronal Cl− concentrations are high during early brain development secondary to low KCC2 activity (Li et al., 2002; Stein et al., 2004) and high influx of Cl− via Na+-K+-Cl− cotransporter 1 (NKCC1; Plotkin et al., 1997; Yamada et al., 2004) in young neurons, leading to membrane depolarization following ligand binding to GABAAR (Ben-Ari et al., 1989). As the brain matures, NKCC1 activity is downregulated whereas KCC2 activity is upregulated (Plotkin et al., 1997; Stein et al., 2004), leading to hyperpolarizing GABAergic responses, though recent data shows that the expression changes of these molecules vary within the heterogeneous neuronal populations within the brain (Sedmak et al., 2016). Although other KCC isoforms exist, KCC2 is unique in that its expression is primarily localized to central nervous system neurons (Williams et al., 1999; Payne et al., 2003) and it remains constitutively active even under isotonic conditions (Khirug et al., 2005; Mercado et al., 2006). Importantly, at least in the setting of normal neurophysiology, KCC2 is able to remove extra Cl− introduced by GABAergic neurotransmission and thus recover low intracellular Cl− levels in neurons (Kaila et al., 2014; Doyon et al., 2016). These properties indicate that KCC2 is a major extruder of Cl− in mature neurons that establishes the inwardly directed Cl− electrochemical gradient across the plasma membrane necessary for the emergence and maintenance of inhibitory hyperpolarizing responses upon activation of GABAARs.



KCC2 MUTATIONS AND HUMAN EPILEPSY

The importance of KCC2 in maintaining the strength of synaptic inhibition highlights its potential involvement in epilepsy, a disorder of neuronal hyperexcitability that has been thought to arise from failed neuronal inhibition. Preclinical studies in multiple organisms show that genetic KCC2 deficiency results in diminished Cl− extrusion, neuronal hyperexcitability, and epileptic seizures (Hübner et al., 2001; Hekmat-Scafe et al., 2006; Tanis et al., 2009). Accordingly, downregulation of KCC2 levels is observed in human idiopathic epilepsy (Huberfeld et al., 2007). Recent studies have now demonstrated the presence of KCC2 mutations in human epilepsy patients, providing strong evidence for the role of KCC2 in seizure disorders. All of the KCC2 mutations discovered in human epilepsy thus far are summarized in Table 1.

TABLE 1. KCC2 (SLC12A5) mutations in human epilepsy.

[image: image]


Idiopathic Generalized Epilepsy 14 (OMIM# 616685, Autosomal Dominant)

Kahle et al. (2014) used a targeted DNA-sequencing approach to screen the cytoplasmic C-terminal region of SLC12A5 which is an important regulatory region of transporter function. They identified two different heterozygous missense variants in SLC12A5 (R952H, 606726.0004 and R1049C, 606726.0005) that were enriched among individuals of French Canadian origin with idiopathic generalized epilepsy-14 (EIG14; 616685) compared to controls. Both variants exhibited reduced Cl− extrusion capacity, although unlike the R952H variant, the R1049C variant exhibited normal surface expression with decreased intrinsic cotransporter activity. Both variants also showed decreased phosphorylation of the serine 940 (S940) residue (Kahle et al., 2014), which normally promotes KCC2 activity (Lee et al., 2011). The overall effect impaired the function of KCC2. The variants were inherited from an unaffected parent in several cases, consistent with incomplete penetrance, consistent with other large genomic studies of human idiopathic generalized epilepsy (Mefford et al., 2011). Puskarjov et al. (2014) reported the R952H mutation in an Australian family with early childhood onset of febrile seizures. Segregation of the variant in this kindred was difficult because of uncertain phenotyping, but there was some evidence of incomplete penetrance. Electrophysiological and biochemical assays suggest that the R952H variant exhibits impaired Cl− extrusion likely due to reduced surface expression. Overexpression of this variant in KCC2-deficient mouse cortical neurons failed to rescue defects in dendritic spine development, suggesting a potential role of the R952H variant in formation and maturation of cortical dendritic spines. Puskarjov et al. (2014) suggested that the decrease in KCC2-dependent hyperpolarizing inhibition would promote seizures, and that decreased dendritic spine formation could lead to desynchronization of overall excitability. Importantly, the function of KCC2 in the dendritic spine does not depend on transporter function but rather involves interactions between KCC2 and other proteins (Llano et al., 2015). The most recent study has identified a new missense KCC2 variant, V473I, that causes IGE in a Hungarian patient who is heterozygous for the mutation (Till et al., 2019).



Early Infantile Epileptic Encephalopathy 34 (OMIM# 616645, Autosomal Recessive)

The strongest genetic evidence for KCC2 dysfunction in epilepsy is demonstrated by studies of patients in families with a severe infantile epilepsy syndrome termed epilepsy of infancy with migrating focal seizures (EIMFS; Stödberg et al., 2015; Saitsu et al., 2016; Saito et al., 2017). To date, nine probands with monogenetic KCC2-related EIMFS have been reported. By whole-exome sequencing of two unrelated families, Stödberg et al. (2015) discovered that affected children with EIMFS harbored biallelic SLC12A5 loss-of-function mutations. Two affected children from a consanguineous family harbored the homozygous mutation L311H that localizes to an extracellular loop. The L426P (localizing to a transmembrane domain) and G551D (localizing to an intracellular loop) variants were found as compound heterozygous mutations in two affected children from another family. All of the KCC2 mutations identified by Stödberg et al. (2015) resulted in diminished Cl− extrusion and reduced cell surface expression. Follow-up studies identified eight additional recessive KCC2 mutations that cause EIMFS (Saitsu et al., 2016; Saito et al., 2017), including the E50_Q93del variant that causes skipping of exon 3 and the S749del variant that causes an amino acid deletion (Saitsu et al., 2016). Functional characterization of some of these EIFM-causing KCC2 mutations (E50_Q93del, A191V, S323P, M415V) suggested that they attenuated neuronal Cl− extrusion without altering cell surface expression and distribution (Saitsu et al., 2016). It is important to note that all of the homozygous or compound heterozygous EIMFS patients inherited KCC2 mutations from unaffected heterozygous parents, in contrast to the R952H and R1049 variants that were sufficient to cause epilepsy disorders in heterozygous individuals (Kahle et al., 2014; Puskarjov et al., 2014). The reasons underlying these phenotypic differences are not understood, although some have hypothesized that mutations located in different KCC2 domains exert different effects on functional activity that underlie variations in phenotypic manifestations (Kahle et al., 2016a).




AUGMENTING KCC2 ACTIVITY TO RESTORE SYNAPTIC INHIBITION AS A THERAPEUTIC AVENUE FOR EPILEPSY

The presence of KCC2 mutations in human epilepsy indicates that accumulation of intracellular Cl− secondary to KCC2 dysfunction may be responsible for driving neuronal hyperexcitability underlying the development of epilepsy syndromes. The association between loss-of-function KCC2 mutations and epilepsy also suggests that augmenting KCC2 activity to enhance Cl− extrusion may confer the opposite effect of rendering neuronal cells more resistant to seizures, representing a potentially powerful therapeutic avenue for idiopathic epilepsy. Indeed, high levels of neural activity due to seizures may promote the intracellular accumulation of Cl− that exceeds the normal Cl− extrusion capacity of KCC2, leading to GABAergic depolarizing currents and loss of synaptic inhibition that underlie epileptogenesis (Ellender et al., 2014; Magloire et al., 2019). Augmenting KCC2 function could theoretically extrude excessive Cl− and restore neuronal inhibition in hyperexcitable states.

Targeting critical phosphorylation sites of KCC2 regulation is one promising strategy to enhance KCC2 function for therapeutic benefit. KCC2 activity is bidirectionally regulated at key phosphorylation sites: S940 phosphorylation increases KCC2 function (Lee et al., 2011), whereas phosphorylation of T906 and T1007 inhibits its function (Rinehart et al., 2009). Dephosphorylation of T906 and T1007 upregulates Cl− extrusion from neurons (Friedel et al., 2015; Titz et al., 2015; Heubl et al., 2017). To test the hypothesis that increasing KCC2 activity is anticonvulsant in vivo, Moore et al. (2018) generated knock-in mice in which threonines 906 and 1007 were substituted for alanines (KCC2-T906A/T1007A) to genetically prevent phospho-dependent inactivation, resulting in higher basal neuronal Cl− extrusion (Moore et al., 2018). Strikingly, KCC2-T906A/T1007A mice exhibited profound resistance to chemoconvulsant-induced seizures without altered basal neuronal excitability. These findings suggest that modulation of KCC2 phosphorylation sites may be leveraged to strengthen synaptic inhibition for therapeutic benefit in epilepsy syndromes. For clinical translation, KCC2 function could be enhanced by inhibition of the upstream with no lysine (WNK) and Ste20-related proline-alanine kinase (WNK-SPAK) cascade that normally inhibits KCC2 function by promoting T906 and T1007 phosphorylation (Kahle et al., 2005, 2014, 2016b; Friedel et al., 2015; Kahle and Delpire, 2016; Heubl et al., 2017). Indeed, small molecule inhibitors of the WNK-SPAK pathway are being developed (Yamada et al., 2016). In addition to targeting the WNK/SPAK pathway, other pharmacological strategies to enhance KCC2 activity are also being investigated. A large screening of molecules to identify putative KCC2 agonists was first proposed by Gagnon et al. (2013). Another screening was recently carried out to detect small molecules capable of enhancing KCC2 expression levels (Tang et al., 2019). The ability to augment KCC2 function via different pharmacological approaches will enable flexibility in the selection of the ideal KCC2 modulator that is tailored to the underlying epileptogenic process.

Although efforts to identify KCC2 modulators reflect its promise as a druggable target in epilepsy, there remain several caveats. First, it is unclear which pharmacological approach or combination of approaches to enhance KCC2 activity would rescue the defects in expression and function due to KCC2 mutations observed in epilepsy syndromes. Second, it remains uncertain whether there may be unintended adverse effects that arise from increased KCC2 activity. Indeed, a major shortcoming of current AEDs is not only their inability to prevent seizures in a large population of patients but also their association with drug-related side effects such as cognitive disturbance (Park and Kwon, 2008). Potentiating KCC2 activity does not alter basal neuronal excitability (Moore et al., 2018), and a previously identified KCC2 activator (CLP257) produces analgesia without motor side effects often seen with other analgesics (Gagnon et al., 2013). While these preliminary findings suggest that enhancing KCC2 may be a safe therapeutic avenue to prevent seizures without altering the function of healthy neurons, more systematic studies are still needed to fully characterize potential side effects of the approach before clinical translation.



CONCLUSION

Epilepsy is a common brain disorder characterized by recurrent and unprovoked seizures thought to be caused by neuronal hyperexcitability. A third to half of epilepsy patients continue to have seizures despite medications (Kwan and Brodie, 2000; Shorvon and Luciano, 2007; Cascino, 2008), underscoring the clinical need for the identification of novel therapeutic targets. KCC2 functions as a major Cl− extruder in mature neurons to establish an inwardly-directed electrochemical gradient of Cl− necessary for the maintenance of fast synaptic inhibition. In the settings of diminished KCC2 activity secondary to risk factor and causal mutations in human epilepsy patients, intracellular Cl− concentrations accumulate, leading to impaired hyperpolarizing responses that render neurons hyperexcitable. In contrast, increasing KCC2 function by overexpression or modulation of key phosphorylation sites confers an anticonvulsant effect. Altogether, the presence of KCC2 mutations in epilepsy coupled with preclinical proof-of-principle for KCC2 as a therapeutic target motivates a rich stream of future studies to further investigate the mechanistic roles of KCC2 in epileptogenesis and how manipulation of KCC2 activity can be leveraged pharmacologically for therapeutic benefit in epilepsy syndromes and conditions of hyperexcitation.
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The genetic diagnosis of patients with seizure disorders has been improved significantly by the development of affordable next-generation sequencing technologies. Indeed, in the last 20 years, dozens of causative genes and thousands of associated variants have been described and, for many patients, are now considered responsible for their disease. However, the functional consequences of these mutations are often not studied in vivo, despite such studies being central to understanding pathogenic mechanisms and identifying novel therapeutic avenues. One main roadblock to functionally characterizing pathogenic mutations is generating and characterizing in vivo mammalian models carrying clinically relevant variants in specific genes identified in patients. Although the emergence of new mutagenesis techniques facilitates the production of rodent mutants, the fact that early development occurs internally hampers the investigation of gene function during neurodevelopment. In this context, functional genomics studies using simple animal models such as flies or fish are advantageous since they open a dynamic window of investigation throughout embryonic development. In this review, we will summarize how the use of simple animal models can fill the gap between genetic diagnosis and functional and phenotypic correlates of gene function in vivo. In particular, we will discuss how these simple animals offer the possibility to study gene function at multiple scales, from molecular function (i.e., ion channel activity), to cellular circuit and brain network dynamics. As a result, simple model systems offer alternative avenues of investigation to model aspects of the disease phenotype not currently possible in rodents, which can help to unravel the pathogenic substratum in vivo.

Keywords: epilepsy, neurodevelopmental disorder, brain disorder, zebrafish, Drosophila


FROM PHENOTYPE TO GENOTYPE: THE ERA OF GENETICS IN THE FIELD OF NEURODEVELOPMENTAL DISORDERS

Investigating the genetic basis of childhood epilepsy and neurodevelopmental disorders over the last two decades has revealed the unexpected role of a number of key genes in guiding normal brain development and emergent brain dynamics (Myers and Mefford, 2015). Facilitated by the increasing affordability of genomic technologies, genes affecting synaptic function have been identified as causative in a diverse range of epilepsy syndromes and other neurodevelopmental disorders such that many are now considered “synaptopathies” (Grant, 2012). Interestingly, many non-synaptic genes have also been identified as risk factors in various neurodevelopmental disorders. For these genes, the underlying pathogenic mechanisms are puzzling as they are not necessarily known to regulate synaptic activity directly. Taken together, a better understanding of the functional consequences of the wide spectrum of neurodevelopmental genetic mutations is required, for which in vivo systems are particularly useful.


Severe de novo Mutations and Genomic Alterations in Neurodevelopmental Disorders

Genetic insights have been particularly transformative in our understanding of some of the most severe disorders of neurodevelopment, known now as developmental and epileptic encephalopathies (DEEs) (Scheffer et al., 2016). DEEs usually occur as isolated cases in families, yet in a large proportion of cases, causative de novo mutations in single genes can now be identified from clinical genetic diagnostics (Epi et al., 2013; Oates et al., 2018). The most common genes and their functional effects are illustrated in Figure 1. Affordable technology that allows the identification of even small structural genomic alterations [i.e., copy number variations (CNVs)] was key to investigating the genetic basis for common neurodevelopmental disorders. Beginning with transformative studies of people living with autistic spectrum disorders (ASD) (Sebat et al., 2007; Pinto et al., 2010), we have come to understand that individually rare CNVs account for a significant proportion of the incidence not only of autism, but intellectual disability (Cooper et al., 2011), “idiopathic” generalized epilepsies (Mefford et al., 2010; Addis et al., 2016) and schizophrenia (Stefansson et al., 2008; Marshall et al., 2017), particularly where there is overlap between these conditions. Interestingly, genes identified from genome-wide association studies of particular disorders often overlap across disorder categories (Fromer et al., 2014; International League Against Epilepsy Consortium on Complex Epilepsies, 2014; Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014; Turner et al., 2017), suggesting that many of the genes have a broad neurodevelopmental role that may result in a range of recognizable syndromes or phenotypes.
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FIGURE 1. Epilepsy genes. This figure illustrates the functional classes of the most commonly identified genetic mutations in children with DDEs. These affect a broad range of neuronal functions, ranging from gene expression and intracellular signaling to neurotransmission.




Genotype-Phenotype Correlations

The increasing ability to make genetic diagnoses at the level of individual patients carries the promise of allowing the development of targeted therapies informed by underlying pathomechanisms. However, with increasing diagnosis, the phenotypic spectrum widens and linking genotypes to phenotypes is becoming more and more challenging. Indeed, mutations in the same gene (or even identical same genetic mutations) may cause very different phenotypes in different patients. For example, up to 50% of patients with de novo mutations in known epilepsy genes do not have seizures (Deciphering Developmental Disorders, 2017). Another example is the spectrum of epileptic phenotypes caused by different mutations affecting the same GABA receptor gene (GABRA1). This spectrum ranges from some of the most severe developmental DEEs of infancy, to juvenile onset treatable generalized epilepsy syndromes (Johannesen et al., 2016). Some variability in the mapping between affected genes and phenotype can be explained by differences in specific mutations’ effects (even at the level of the same gene) on protein function (Ben-Shalom et al., 2017). This genotype-phenotype relation may be addressed in the future by increasing efforts to investigate the functional effects of individual genes as well as individual mutations in vivo through translational research (Scheffer et al., 2016). This gene has been described as both an epilepsy, and an autism gene but also emerges in a range of other neurodevelopmental contexts suggesting potentially shared mechanisms. Understanding the contribution of the genetic alteration to the various phenotypes is essential to now attempt and translate these broad insights into novel, targeted therapies.



FROM GENE MUTATION TO MOLECULAR DYSFUNCTION (TEMPORAL MICROSCALE)

In the light of the difficulties in relating newly diagnosed genetic variants with their underlying functional consequences, and because of the unclear correlation between phenotype and genotype we described above, there is a need for in vivo models to explore the functional effects of specific genetic alterations. In particular, epilepsy has been studied using multiple model organisms, most traditionally rodents (Seyfried and Glaser, 1985; Yu et al., 2006). Although rat and mouse models have been foundational to the field, recent research has expanded to include non-mammalian models such as round worms, zebrafish, and fruit flies (Baraban, 2007; Cunliffe et al., 2015).

Drosophila melanogaster has become an increasingly popular model organism in epilepsy research due to its small size, short generation time, and the relative ease of stock maintenance and mutant isolation (Bier, 2005; Song and Tanouye, 2008; Cunliffe et al., 2015). These factors, in addition to the large percentage of conserved human disease genes in Drosophila (Fortini et al., 2000; Rubin et al., 2000; Bier, 2005), result in it being an extremely cost-effective model system for epilepsy research (Baraban, 2007; Song and Tanouye, 2008; Cunliffe et al., 2015). Developments in genome editing technology have facilitated the introduction of human disease-causing mutations into the corresponding genes of Drosophila, resulting in the improved ability to characterize gene-phenotype relationships as well as to perform high-throughput in vivo drug testing (Stilwell et al., 2006). These techniques have advanced the identification of disease-specific epilepsy treatments (Griffin et al., 2018). One example is the study of Dravet syndrome (DS), a severe form of infant-onset febrile epilepsy that is often co-morbid with other developmental disorders. DS patients are typically pharmaco-resistant (Chiron, 2011; Dravet, 2011; Griffin et al., 2018), with many common antiepileptic drugs even aggravating their seizures (Guerrini et al., 1998; Chiron, 2011; Nissenkorn et al., 2019). Thus, there exists a demand for increased therapeutic treatment options, an issue that is further complicated by the multitude of different DS-causing mutations (Meng et al., 2015; Schutte et al., 2016). Electrophysiology research has revealed that these mutations exhibit considerable variation in their channel characteristics (“channotype”), ranging from gain-of-function to loss-of-function effects (Escayg and Goldin, 2010; Meng et al., 2015; Peters et al., 2016). Elucidating the molecular variations behind this functional heterogeneity can inform drug selection for preliminary pharmacological testing, which can in turn provide in vivo validation for electrophysiology results. Combining these two techniques can therefore be a powerful approach to better understanding and treating DS, serving as informative steps on the pathway to clinical drug testing.

A common mutation target for generating DS models is the Drosophila para gene, encoding the voltage-gated sodium channels and corresponding to the human SCN1A gene in which many DS-causing mutations have been identified (Dravet, 2011). The Drosophila para gene is edited using CRISPR-cas9 to reproduce specific human DS causing mutations in SCN1A, whilst also introducing a marker mutation (e.g., eye color). In these flies, transient seizure-like behaviors [falling into their backs or sides and beginning to twitch their legs and wings, sometimes accompanied by abdominal curling (Sun et al., 2012; Schutte et al., 2016; Griffin et al., 2018)] can be induced by hyperthermia (Supplementary Video S1). Once a model organism line is validated, potential drug therapies can be assessed by mixing the therapeutic target of interest into liquified cornmeal food and allowing the flies to feed on it before subsequent seizure assays (Sun et al., 2012). Thus, modeling epilepsy with Drosophila enables researchers to use a simple model to shed light on the functional characterization of genetic data and to perform large-scale screenings of antiepileptic drug candidates, providing a cost-effective form of preclinical testing.

Danio rerio (zebrafish) is another model appropriate for linking genotype to phenotype in patient models of neurodevelopmental disorders. A major reason for this is the phylogenetic proximity of this vertebrate model, the high homology of the zebrafish and human genomes (∼80% homology), and the ease of genetic manipulation in the zebrafish. In fact, genetic modification in zebrafish is highly efficient, allowing comprehensive in vivo studies even of neurodevelopmental disorders with complex genetic backgrounds. One example is a recent study in which 132 schizophrenia risk variants were generated using CRISPR-Cas9 (Thyme et al., 2019). A wide array of zebrafish models have also been developed across epilepsy genes, and genes associated with broader neurodevelopmental phenotypes [e.g., scn1lab (Baraban et al., 2013), gabrg2 (Liao et al., 2019), GABRA1 (Samarut et al., 2018), mecp2 (Pietri et al., 2013), grin2a/b (Thyme et al., 2019), and others]. Importantly, despite different brain anatomy and physiology to mammalian counterparts, various zebrafish models exhibit phenotypes analogous to corresponding rodent models and clinical phenotypes. In particular a zebrafish model of DS carrying a loss-of-function mutation in the scn1lab gene, exhibits spontaneous electrographic abnormalities reminiscent of seizures (Baraban et al., 2013). Such recordings, obtained from field electrodes placed in the midbrain of agar immobilized larval zebrafish, appear as brief, small amplitude inter-ictal like events and prolonged, multi-spike ictal-like discharges which are qualitatively comparable to epileptiform discharges in patients and mammalian epilepsy models. Furthermore, GABRA1–/– and gabrg2–/– larvae, both modeling mutations reported in common epilepsy syndromes (Wallace et al., 2001; Johannesen et al., 2016), exhibit reflexive seizure-like events in response to light stimulation, reported as convulsive motor abnormalities and abnormal brain synchrony (Supplementary Video S2; Samarut et al., 2018; Liao et al., 2019).

It is, however, important to note that zebrafish lack a cortex and therefore qualitative homologies between zebrafish and human epilepsy (a putative cortical pathology) may be more useful for broad functional characterizations of genetic epilepsies, while specific seizure subtypes may be better modeled by more complex model organisms systems. Nonetheless, given that common anti-epileptic drugs correct electrographic, and motor abnormalities in these zebrafish models, the underlying neuropathology is likely to be conserved in genetic models (Baraban et al., 2013; Samarut et al., 2018; Liao et al., 2019). Finally, zebrafish larvae are also highly amenable to high-throughput behavioral drug screens, which have already identified novel drugs for the treatment of DS, thus closing the loop from fish tank to bedside (Griffin et al., 2018).

Therefore the larval zebrafish can provide realistic models of a wide array of neurodevelopmental disorders which may open alternative avenues for investigation at scales not possible in its mammalian counterparts making them complementary models.



FROM GENE MUTATION TO BRAIN NETWORK PERTURBATION (TEMPORAL MACROSCALE)

As discussed above, in order to translate an improved genetic understanding of neurodevelopmental disorders into novel therapies, a detailed understanding of pathomechanisms is required. Simple animal models can enable the characterization of the functional consequences of genetic mutations at multiple different scales, ranging from single-cell behavior to whole-brain dynamics, and allow this translation much more rapidly and at times more comprehensively than in mammalian models.

The utility of simple model systems for bridging this gap is particularly evident in epilepsy. Given that seizures are an emergent property of microcircuits, understanding the effect of specific genetic mutations at a network level is necessary to explain the emergence of clinical phenotypes. At this juncture, the larval zebrafish is a particularly appealing model for studying brain network dynamics due to its amenability to whole brain imaging at single-cell resolution, allowing identification of abnormal dynamics at multiple scales (Ahrens et al., 2013). The larval fish at 7 days-post-fertilization has a small, simple brain (100,000 cells, <1 mm3) but is capable of a variety of complex behaviors whose brain dynamics can be monitored accurately (Figure 2). Various genetic lines of pigment deficient larval zebrafish have been developed which enable unrestricted optical access into the developing brain (Antinucci and Hindges, 2016). Furthermore, the development of various transgenic reporters of cellular activity, such as GCaMP and RGECO enable the imaging of calcium dynamics in single cells and whole brain networks during behavior, using fluorescence microscopy (Figure 2; Walker et al., 2013; Wolf et al., 2017; Chen et al., 2018). In fact, various transgenic lines have also been developed to monitor specifically GABA (Marvin et al., 2019) or glutamate (Marvin et al., 2013) signaling in vivo. Given that these cellular reporters have been utilized to characterize neuronal function across brain scales [from synapses to cell populations and brain networks (Walker et al., 2013; Boulanger-Weill et al., 2017; Betzel, 2018)], functional imaging of zebrafish genetic models may provide a unique window into the multi-scale functional consequences of upstream channel abnormalities. Thus, it may provide an explanatory bridge between gene mutation and whole brain clinical phenotypes.
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FIGURE 2. Recording whole-brain dynamics at single-cell resolution in zebrafish models of neurodevelopmental disorders. (A) Larval zebrafish at 7 days post fertilization are freely behaving and have all the major anatomical subdivisions of the vertebrate brain (left). Transgenic lines expressing genetically encoded calcium indicators in neurons can be used to record neuronal function through fluorescence signals. Because of their small size, the whole brain can be captured at single cell resolution (top). This allows recording of whole brain dynamics alongside single-cell behavior (bottom). (B) Zebrafish larvae can be embedded in transparent agarose, allowing in vivo imaging using fluorescence microscopy (shown here is a two-photon microscopy setup). Depending on the experimental paradigm, behavioral output can further be tracked using recordings of tail movements in tail free set ups. This allows e.g., linking of convulsive movements and brain hypersynchrony to identify epileptic seizures in the zebrafish.


While at present, the majority of zebrafish functional imaging studies have characterized acute, induced seizures using the GABA-A antagonist pentelynetetrazole (PTZ), a variety of useful network features have been identified which may provide insight into future genetic models. Multiple studies have reported increased functional connectivity across local and distributed brain regions during seizure events (Figure 2A; Diaz Verdugo et al., 2019; Liu and Baraban, 2019), in accordance with reports of increased phase locking in EEG recordings during seizures (Meisel et al., 2012).

Importantly, single cell-level information can be harnessed from functional imaging data to explain seizure network dynamics. For example, zebrafish imaging suggests that seizures emerge as cellular ensembles, which are composed of more spatially distant cells than pre-seizure (Diaz Verdugo et al., 2019; Liu and Baraban, 2019). Furthermore, the role of cell subtypes in the emergence of network abnormalities may be probed with the application of double transgenic larval zebrafish, expressing calcium reporters and specific cellular subtype reporters (Lyons et al., 2003; Xi et al., 2011; Shimizu et al., 2015). Such approaches have demonstrated that astrocytes facilitate widespread neuronal synchrony during generalized seizures, thereby enabling seizure state transitions (Diaz Verdugo et al., 2019). Identifying critical cell subpopulations in this way in genetic epilepsies has the potential to identify novel treatment targets in patients. Interestingly, model-based approaches which are widely used to explain network phenomena in EEG data can also be applied to calcium imaging data to test causal mechanisms underlying network features of seizures (Rosch et al., 2018). Such approaches have shown that acute seizures are caused by parameter changes in local excitation-inhibition balance, and alterations in timescales of excitatory and inhibitory connectivity. In this way the cellular mechanisms underlying observed network features in functional imaging data can be uncovered, to provide a conceptual bridge to explaining EEG phenomena during seizures, such as hypersynchrony and transitions between network states. As more genetic lines become available (Baraban et al., 2013; Samarut et al., 2018; Swaminathan et al., 2018; Liao et al., 2019), such imaging approaches may be harnessed to link gene mutation with network perturbation.

Flies have also become convenient models to perform neuronal cell recording in the adult brain (ex vivo) that can be studies in the context of genetic and/or pharmacological manipulations (Gu and O’dowd, 2007; Roemmich et al., 2018). As an example, electrophysiological studies carried out in adult flies that were genetically modified to mimic DS were pioneers in showing the link between pathological missense mutations and disturbances of sodium ion current activity at the receptor level (Sun et al., 2012; Schutte et al., 2014). These cellular experimentations in a genuine in vivo context are very advantageous in order to unravel the basic cellular mechanisms of brain circuit function and malfunction. They can also be suitable for evaluating the mechanism of action of candidate therapies against neurodevelopmental disorders that were first identified through behavioral assays.

Remarkably, the larval zebrafish is also a suitable model for longitudinal studies of neural development. Indeed, the transparency of the embryo allows one to follow in vivo organogenesis, in particular the observation of central nervous system structures with a single-cell resolution. Moreover, there is a large repertoire of available transgenic lines expressing fluorescent reporters in different neural cell populations such as post-mitotic neurons (huc/elavl3+) (Park et al., 2000), GABAergic interneurons (dlx5/6+) (Zerucha et al., 2000), glutamatergic neurons (vglut2a+) (Kimura et al., 2006) or oligodendrocytes (olig2+) (Shin et al., 2003). This is of a particular interest in the context of neurodevelopmental disorders for which one can expect defects in brain wiring to occur during early neurodevelopment. In this context, the accessibility of the zebrafish embryo from the earliest stages of development is an advantage compared to mammals in which the embryos develops in utero. The use of larval zebrafish has proven particularly useful in modeling several human neurological disorders with a developmental component such as ASD or epileptic encephalopathy. For example, using specific transgenic lines identifying excitatory versus inhibitory neuronal networks, Hoffman et al. (2016) revealed a specific deficit of GABAergic neuronal population networks in the forebrain of zebrafish larvae mutant for CNTNAP2, an ASD-related gene. Another zebrafish model of ASD (shank3b–/–) displays a reduction in the overall brain neuronal content as revealed by a transgenic line expressing a fluorescent protein in post-mitotic neurons (Liu et al., 2018). Interestingly, the development of these neuronal populations can be followed over time and the defects can therefore be monitored throughout neurodevelopment. More recently, two genetic models of epilepsy [idiopathic generalized epilepsy: GABRA1–/– (Samarut et al., 2018), and focal epilepsy: depdc5–/– (Swaminathan et al., 2018)] have been generated. These models depict relevant phenotypes to the human disorders, but more interestingly, they demonstrated impaired GABAergic synaptic network branching in the mutant larval brains identifying a potential pathomechanism. In this way, zebrafish genetic models can be harnessed to further understand the developmental component of these diseases and in so doing, at least partially, account for the pathogenicity of the mutations tested.

As a result, simple models like flies and zebrafish appear to be an amenable model to (i) mimic human genetic condition associated with neurological disorders, (ii) investigate the consequence at the neuronal network activity level through in vivo calcium imaging, and (iii) unravel neurodevelopmental defects associated with the disorder.



CONCLUSION: SIMPLE MODELS AS GENETIC AVATARS OF HUMAN PATIENTS FOR A SYSTEMIC APPROACH (FROM GENE TO PHYSIOLOGY)

In the current context of fast-evolving accessibility to genetic diagnosis, more and more genetic basis of neurological disorders are being unraveled. They opened the door to a new challenges that is the translation of this genetic data into functional read-out. Can we predict the functional consequence of a specific mutation in a particular gene? What are the effects of a specific mutation on the activity of the protein? at the level of the neuronal network? At the scale of whole neurodevelopment? These puzzling questions necessitate the use of fast and complementary in vivo approaches. In this review, we are discussing how simple animal models can be employed to bridge the gap between genetic diagnosis and functional studies. Considering the fast development of mutagenesis techniques that now allow to mimic a specific genetic mutation in these simple models, plus their relative low-cost of housing as well as their fast generation time, they represent a model of choice to study neurodevelopmental disorders in an integrated fashion and at multiple scales. Thanks to their versatility, these simple animal models can unravel the basic pathomechanims of gene mutations and therefore open new avenues for therapy development. As mentioned previously, they are also convenient for standardize procedures, in particular for high-throughput screening of small molecules. Interestingly, they are also very convenient for genetic manipulation. Indeed, by microinjecting molecular tools in the one-cell stage embryo, it is possible to either knockdown [with morpholinos or CRISPRi (Long et al., 2015)], knockout [by CRISPR/Cas9 genome editing (Hwang et al., 2013)] or overexpress [by CRISPRa (Long et al., 2015) or by injecting in vitro transcribed messenger RNAs or transposon plasmids for transgenesis] the expression of a gene of interest. As a result, these simple animal models can also serve as tools to test genetic-derived therapeutic strategies through restorative functional assays after modulating the expression of candidate genes.
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VIDEO S1 | Temperature-induced seizures in Drosophila with a mutation in the Para gene, analogous to SCN1A. To introduce the human A1273V mutation into the corresponding location on Drosophila’s para gene (A1356V), we used the Drosophila CRISPR-Cas9 system developed by a set of labs at Brown and University of Wisconsin https://flycrispr.org/about/ (citation). We designed 2 RNA ides and a donor vector with mutated template DNA for homology-directed repair as well as insertion of a DsRed eye reporter in the subsequent intron. Embryo injections and genetic crosses were performed by the company BestGene, Inc. (Chino Hills, CA, United States).

VIDEO S2 | Light-induced seizures in zebrafish with a mutation in the GABRA1 gene. As described previously in Samarut et al. (2018). Infrared camera recording of 5, 5 wpf GABRA1+/+(top, n = 4), ±(middle, n = 4), and −/− (bottom, n = 4) embryos maintained in a 12-well plate, using a DanioVision recording chamber. Light was switched on about 5 s after the video started (see icon on the top left corner). Immediately after light turning on, the −/− juveniles underwent a first phase of tonic-like seizures lasting few seconds and during wish they convulsed heavily and lost their posture. After a short pause, they underwent a second clonic-like phase that lasted up to 1 min and during which they swam quickly in circle (the “whirlpool” phenotype).
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Epilepsy is a common neurological disorder characterized by recurrent uncontrolled seizures and has an idiopathic “genetic” etiology or a symptomatic “acquired” component. Genetic studies have revealed that many epilepsy susceptibility genes encode ion channels, including voltage-gated sodium, potassium and calcium channels. The high prevalence of ion channels in epilepsy pathogenesis led to the causative concept of “ion channelopathies,” which can be elicited by specific mutations in the coding or promoter regions of genes in genetic epilepsies. Intriguingly, expression changes of the same ion channel genes by augmentation of specific transcription factors (TFs) early after an insult can underlie acquired epilepsies. In this study, we review how the transcriptional regulation of ion channels in both genetic and acquired epilepsies can be controlled, and compare these epilepsy “ion channelopathies” with other neurodevelopmental disorders.
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INTRODUCTION

Epilepsy is a severe chronic brain disorder characterized by recurrent seizure activity due to aberrant neuronal network activity (Fisher et al., 2014; Fisher, 2015). Despite many years of research, the underlying mechanisms that orchestrate seizure activity are still not fully understood. This is also reflected in the fact that treatment strategies for epilepsy with antiepileptic drugs (AEDs) are insufficient in about one-third of epilepsy patients (Kwan and Sander, 2004). This relatively high level of pharmacoresistance, together with the often severe side effects of AEDs, asks for a better understanding of its etiology and pathogenesis (Löscher et al., 2013).

Nowadays, it is generally accepted that both genetic as well as environmental factors, such as head trauma, brain tumors, brain infection, stroke, autoimmune diseases, status epilepticus (SE) and hippocampal sclerosis (Engel, 1996; Bien and Elger, 2007; Bien et al., 2007; Liu et al., 2016; Pitkänen et al., 2016; Vezzani et al., 2016) can play a role in the etiopathogenesis of epilepsy. Epilepsies with such a causal injury to the central nervous system (CNS) are called acquired or symptomatic epilepsies, whereas those lacking a clear predisposing cause, are called idiopathic or genetic epilepsies (Shorvon, 2011).

In the last decades, enormous progress has been made in the discovery of epilepsy genes, resulting in a current list of approximately 1,000 epilepsy-associated genes (reviewed by Wang et al., 2017). Since many of the genes annotated on this list are ion channels, the theory was born that epilepsy is a disease of “ion channelopathies” (Wallace et al., 1998; Reid et al., 2009). Ion channels are pore-forming membrane proteins involved in maintaining ion homeostasis and the generation and propagation of neuronal action potentials. A disturbance in the neuronal ionic flow might result in hyperexcitability, which can form the basis for seizure activity (Raimondo et al., 2015). In general, ion channels can be divided into two main groups, depending on their mode of activation (Brenowitz et al., 2017). Voltage-gated ion channels are activated by changes in membrane potential and ligand-gated ion channels are opened in response to specific ligands binding to the extracellular domain of the ion channel (Alexander et al., 2015a,b).

In this study, we focus on the transcriptional mechanisms involved in channelopathy-induced epilepsy. We review how the expression of ion channel genes can be affected and compare these mechanisms between genetic and acquired epilepsies. In addition, we also summarize how these transcriptional mechanisms can play a role in the etiopathogenesis of other neurodevelopmental disorders.



VOLTAGE-GATED AND LIGAND-GATED ION CHANNELS IN GENETIC EPILEPSIES

For decades, scientists try to unravel the molecular background of epilepsies. In 1995, the first epilepsy-associated ion channel was identified; a mutation in a strongly conserved amino acid residue in the acetylcholine receptor alpha 4 subunit (CHRNA4) correlated with autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE; Steinlein et al., 1995). After this first discovery, many other ion channels were reported to be linked to epilepsy, including genes belonging to the voltage-gated sodium, potassium, calcium and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. Besides the voltage-gated ion channels, also several ligand-gated ion channel genes were identified as epilepsy-associated genes, including ionotropic glutamate receptors, GABAA receptors and nicotinic acetylcholine receptors (Table 1; reviewed by Lerche et al., 2013; Wang et al., 2017; Wei et al., 2017; Oyrer et al., 2018).

TABLE 1. Transcriptional channelopathies implicated in epilepsies.
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Currently, it is thought that genetic epilepsy can be the result of: (i) rare variants with high penetrance (also known as monogenic or “common-disease-rare-variant model”) or of (ii) common variants with low penetrance (also known as polygenic or “common-disease-common-variants model”; Reich and Lander, 2001; Gibson, 2012; Saint Pierre and Génin, 2014). Such rare variants (or mutations) can nowadays be identified by deep sequencing approaches (e.g., exome sequencing or whole-genome sequencing; Dunn et al., 2018), whereas for the identification of common variants (also known as single nucleotide polymorphisms, SNPs), genome-wide association studies are indispensable in large cohorts of patients and controls (International League Against Epilepsy Consortium on Complex Epilepsies, 2018). However, common variants are often difficult to link unequivocally to disease, since these variants contribute only minimally and might also require an additional environmental factor for a pathological outcome.

In epilepsy, both rare as well as common variants have been identified in ion channel genes. Mutations in the sodium channel SCN1A, probably the most studied and best-documented epilepsy gene, can cause a spectrum of epilepsy syndromes including Dravet syndrome and genetic (generalized) epilepsy with febrile Seizures Plus (GEFS+; Brunklaus and Zuberi, 2014), whereas a common variant within an intron of the same gene (rs7587026), was found to associate with mesial temporal lobe epilepsy (mTLE; Kasperaviciute et al., 2013).

Mostly, genetic channelopathies are the result of variants within the coding region of the gene. Both missense mutations (mutations causing an amino acid change), as well as nonsense mutations (mutations causing a premature stop codon), can underlie epilepsy pathogenesis by inducing a loss-of-function (LOF) or a gain-of-function (GOF) channelopathy. In addition, also deletions and duplications of (part of) the gene can strongly affect normal channel function (Borlot et al., 2017; Monlong et al., 2018). Since the focus of this review is on the transcriptional regulation of ion channels, listing all genetic variants within the coding regions of ion channel genes is beyond the scope of this article (for reviews, see Deng et al., 2014; Wei et al., 2017; Zhang et al., 2019).



TRANSCRIPTIONAL REGULATION OF GENETIC ION CHANNELOPATHIES

Genetic epilepsies can also be the result of a genetic variant positioned in the promoter region, a splice site, or a regulatory region of the gene. How can variants outside the coding region induce a channelopathy? For SCN1A for example, a microdeletion in the 5’-promoter region was found in patients with Dravet syndrome (Nakayama et al., 2010), and another heterozygous mutation in the promoter region (h1u-1962 T >G) was identified in a patient with partial epilepsy and febrile seizures (Gao et al., 2017). Functional analysis of this SCN1A h1u-1962 T >G variant revealed a reduction of SCN1A promoter activity by 42.1% compared to the wild-type variant (Gao et al., 2017), explaining the relatively mild phenotypical impairment caused by this non-coding variant when compared with effects caused by SCN1A coding variants that can result in null expression.

A genetic variant can also be located at a splice site, resulting in alternative splicing of the ion channel gene. This process allows a single gene to produce alternative ion channels with different functional characteristics. In particular, for SCN1A many alternative splicing mutations have been identified in epilepsy pathogenesis (Lossin, 2009; Thompson et al., 2011; Carvill et al., 2018; Table 1).

If a genetic variant is located within the binding site of an activating or repressing transcription factor (TF) or a repressor, it may result in altered regulation of the transcriptional machinery. For example, four different haplotypes, consisting of 13 SNPs located in the 5’ region of the GABRB3 gene were found to segregate with childhood absence epilepsy (CAE; Urak et al., 2006). The GABRB3 gene encodes the β3 subunit of the GABAA receptor which mediates phasic (synaptic) and tonic (perisynaptic) inhibition (Farrant and Nusser, 2005; Hirose, 2014). Functional analysis of these haplotypes revealed a reduced transcriptional activity of the GABRB3-haplotype-2 promoter (overrepresented in CAE) compared to the GABRB3-haplotype-1 promoter (overrepresented in controls). The difference in expression could be explained by reduced binding of the TF N-Oct3 to the GABRB3-haplotype-2 promoter, resulting in decreased expression of the GABRB3 gene (Urak et al., 2006). The reduced β3 levels observed in CAE patients might cause a loss of inhibitory properties of the receptor, eventually causing seizure activity.



ION CHANNELS IN ACQUIRED EPILEPSIES

Acquired epilepsies are epilepsies, which are on the consequence of an environmental factor. These epilepsies can be: (i) completely dependent on environmental factors; or (ii) can be caused by an interaction of environmental factor(s) with a predisposition genome. In the latter case, the presence of common susceptibility variants (e.g., SNPs or CNVs) can lower the threshold of the environmental factor for inducing an epileptic outcome. Most of our current knowledge of acquired epilepsy pathogenesis comes from the use of animal models, in which insults causing TLE can be mimicked in rodents using approaches like traumatic brain injury, kindling, or by applying one of the chemo-convulsants pilocarpine or kainic acid to induce SE (reviewed by Jefferys et al., 2016; Lévesque et al., 2016; Becker, 2018; Nirwan et al., 2018). Numerous studies using animal models for TLE have provided valuable information on epilepsy pathogenesis, resulting in a list of several channels involved in acquired epilepsies, including but not limited to HCN channels (Chen et al., 2001; Shah et al., 2004; Marcelin et al., 2009; Jung et al., 2011; Arnold et al., 2019), the A-type potassium channel Kv4.2 (Bernard et al., 2004; Monaghan et al., 2008), Kir2 channels (Young et al., 2009), small-conductance (SK) calcium-activated potassium channels (Oliveira et al., 2010), big potassium channels (BK-channels; Pacheco Otalora et al., 2008; Shruti et al., 2008), persistent sodium channels (Agrawal et al., 2003; Chen et al., 2011), the T-type calcium channel CaV3.2 (Su et al., 2002; Becker et al., 2008) and the calcium channel subunit α2δ4 (van Loo et al., 2019).



TRANSCRIPTIONAL REGULATION OF ACQUIRED ION CHANNELOPATHIES

Currently, one of the main questions in epilepsy research is how the expression of ion channel genes in acquired epilepsies can be regulated. The transcriptional regulation of ion channels in acquired epilepsy can occur for example via differential expression of transcriptional activators or repressors. After a brain insult, a transient increase of activity-regulated TFs is evident (e.g., Egr-4, Fos, Jun and Arc), which can as a consequence dysregulate the transcriptional machinery of many genes, including ion channel genes (Herdegen et al., 1993; Beer et al., 1998; Herdegen and Leah, 1998; Honkaniemi and Sharp, 1999). To date, several transcriptional mechanisms have already been identified in the context of channelopathies and epilepsy pathogenesis (Table 1).

For CaV3.2, we recently performed an in-depth promoter analysis, examining the molecular mechanisms involved in the transcriptional augmentation of this channel early after pilocarpine-induced SE (Becker et al., 2008). Here, we observed a highly-sophisticated mechanism of transcriptional regulation: the increase of CaV3.2 expression was found to be mediated by metal-regulatory transcription factor 1 (MTF1) upon a rise in intracellular zinc ([Zn2+]i); denoted as the Zn2+-MTF1-CaV3.2 cascade (van Loo et al., 2015). A rise in [Zn2+]i, often seen after a transient insult to the brain (Assaf and Chung, 1984; Zhao et al., 2014), can activate MTF1, which then binds to metal-responsive elements within the CaV3.2 promoter region. Consequently, this results in increased CaV3.2 expression, a larger T-type current and increased burst-firing behavior (van Loo et al., 2015). In this way, the Zn2+-MTF1-CaV3.2 cascade can enhance hippocampal network excitability, resulting in seizure activity. Besides the Zn2+-MTF1-CaV3.2 cascade, also other TFs were found to control CaV3.2 expression, including Egr1 and RE1-silencing transcription factor (REST; van Loo et al., 2012). Such a multifactorial regulation by several TFs, thought to be a general phenomenon of ion channel regulation, severely complicates pharmacological intervention.



EPIGENETIC CONTROL OF ACQUIRED ION CHANNELOPATHIES

The transcription of ion channels in acquired epilepsies can also be regulated at the epigenetic level: both DNA methylation at cytosine residues, as well as changes in histone modifications (e.g., acetylation or methylation) can strongly affect the transcriptional machinery (reviewed by Hauser et al., 2018). Methylation of DNA generally occurs at cytosines within the 5’-cytosine-guanine-3’ context (CpG). Gene promoters often contain large clusters of CpGs (referred to as CpG islands), which are mostly hypomethylated and are linked to transcriptional activation. An increase in DNA methylation may cause reduced transcriptional activity due to physical inhibition of TF binding to their cognate DNA binding motif, or by binding of repressor proteins known as methyl-CpG binding domain proteins (MBDs) to the methylated DNA. In the latter case, MBDs can recruit histone deacetylases (HDAC1 and HDAC2) to the methylated DNA, resulting in the silencing of the corresponding gene (Clouaire and Stancheva, 2008). To date, several epilepsy-channelopathies have been described to be caused by an epigenetic control mechanism (Table 1).



REGULATION OF ACQUIRED ION CHANNELOPATHIES BY microRNAs

The transcriptional machinery of ion channels in acquired epilepsies can also be influenced by small non-coding RNAs, such as microRNAs (miRNAs). miRNAs are 22 nucleotides noncoding RNAs that can regulate gene expression by associating with the RNA-induced silencing complex (RISC). The RISC complex then uses the miRNA as a template for recognizing the complementary mRNA of the ion channel gene (Ranganathan and Sivasankar, 2014). The main function of miRNAs appears to be the regulation at the post-transcriptional level: either by hindering protein translation or by enhancing mRNA degradation. Nowadays, it is also debated that miRNAs can have a nuclear function by modulating gene expression directly at the transcriptional level (reviewed by Catalanotto et al., 2016). Numerous miRNAs have been identified in relation to epilepsy pathogenesis (reviewed by Reschke and Henshall, 2015; Henshall et al., 2016; Shao and Chen, 2017; Tiwari et al., 2018), and also several ion channels appear to be under control of miRNAs, including Kv1.1, Kv4.2, Kcnk10 and Grin2a (Sosanya et al., 2013; Alsharafi et al., 2016; Gross et al., 2016; Haenisch et al., 2016; Tiwari et al., 2019; Table 1).



TRANSCRIPTIONAL REGULATION OF CHANNELOPATHIES IN NEURODEVELOPMENTAL DISORDERS

To date, it is generally accepted that ion channelopathies are not unique for epilepsy pathogenesis, but have gained considerable attention for the pathogenesis of several neurodevelopmental disorders, including pathology aspects of autism spectrum disorders (ASDs), schizophrenia, bipolar disorder, major depressive disorder and migraine (reviewed by Imbrici et al., 2013; Schmunk and Gargus, 2013; Albury et al., 2017). Seizures have been noted as a comorbidity feature of neurodevelopmental disorders (Hyde and Weinberger, 1997; Canitano, 2007; Mula et al., 2008; Liao et al., 2018; Salpekar and Mula, 2018; Strasser et al., 2018), which overall may point to the emergence of a functionally impaired neuronal network. For many neurodevelopmental disorders, several genetic variations (both rare mutations as well as common variants) in the coding regions of ion channel genes have been identified and reviewed elsewhere (Imbrici et al., 2013; Schmunk and Gargus, 2013; Daghsni et al., 2018; Weiss and Zamponi, 2019). Interestingly, also the mechanisms described above to be involved in the transcriptional regulation of ion channels in epilepsy pathogenesis, have been observed in the regulation of ion channels in other neurodevelopmental diseases. For example, transcriptional regulation by presence of genetic variants within the promoter region was observed for Grin2a and Grin2b and resulted in schizophrenia pathogenesis (Miyatake et al., 2002; Itokawa et al., 2003; Liu et al., 2015); alternative splicing was documented for Gabrb2, Grin2b and Gabra3 and resulted in mental retardation and ASD (Zhao et al., 2009; Endele et al., 2010; O’Roak et al., 2012; Piton et al., 2013); differential expression of TFs was observed for Scn10a, Kcnq1, Cacna1c, and Grin1 in schizophrenia and other psychiatric disorders (Rannals et al., 2016; Billingsley et al., 2018; Page et al., 2018); epigenetic control mechanisms were described for Gabrb2, Gabrb3, Gria, and Chrna7 in ASD, schizophrenia and Rett syndrome (Samaco et al., 2005; Yasui et al., 2011; Kordi-Tamandani et al., 2013; Zong et al., 2017) and regulation by miRNAs was observed for Cacna1c, Cacnb1, Grin2b and NMDAR in schizophrenia and ASD (Kocerha et al., 2009; Guan et al., 2014; Cammaerts et al., 2015; Zhang et al., 2015; Kichukova et al., 2017).

Many of these “transcriptional channelopathies” apparently are rather specific, since they are mostly associated with only one individual neurodevelopmental disorder. However, a few examples exist, in which a comparable transcriptional regulatory mechanism has been observed for channelopathies in epilepsy and other neurodevelopmental disorders, hinting at an explanation for the comorbidity seen between the different disorders. One such example is the GABRB3 gene, an important neurodevelopmental gene and besides epilepsy also associated with Angelman syndrome, Rett syndrome and ASD (Tanaka et al., 2012b). Differential expression of GABRB3 in CAE can be caused by genetic variants within the promoter region (Urak et al., 2006). Interestingly, one of these variants is also associated with schizophrenia and heroin dependence (Chen et al., 2014b; Liu et al., 2019), whereas other genetic variants within the same regulatory region are correlated with ASD (Chen et al., 2014a).

Another example of comparable transcriptional control mechanisms in epilepsy and neurodevelopmental disorders was observed for the NMDAR gene Grin2b. The expression of Grin2b was significantly decreased in the kainic acid-induced SE model and correlated with increased DNA methylation levels at specific CpGs located within the Grin2b locus. Additionally, interfering with the DNA methylation levels prior to SE using a DNA-methyltransferase inhibitor, prevented the Grin2b DNA methylation increase after SE and resulted in augmented Grin2b mRNA and protein expression (Parrish et al., 2013).

Such a glutamatergic hypofunction caused by an epigenetic control mechanism in Grin2b in the epilepsy model can also contribute to the pathophysiology of other neurodevelopmental disorders (Coyle et al., 2002; Lau and Zukin, 2007). Recently, it was reported that in a mouse model for schizophrenia, Grin2b expression was also under control of epigenetic control mechanisms. Here, the reduction in Grin2b expression was caused by an increase in H3K27me3 and REST at the Grin2b promoter (Gulchina et al., 2017). We may thus assume that different neurodevelopmental disorders are associated with a channelopathy with similar underlying transcriptional mechanisms.

Although we see comparable transcriptional mechanisms, no large overlap exists between the individual regulatory players in epilepsy pathogenesis and other neurodevelopmental disorders. Of course, this can also be explained by the fact that most specific mechanisms simply have not been analyzed in all neurodevelopmental disorders, or not in an analogous manner, making a direct comparison at the moment impossible. Further studies will reveal whether the altered diseases-associated expression of more proteins is based on a (partly) general underlying transcriptional phenomenon, possibly explaining the comorbidity between epilepsy and other neurodevelopmental disorders.



FUTURE PERSPECTIVES

In this study, we reviewed the mechanisms involved in the transcriptional regulation of channelopathies in genetic and acquired epilepsies. Although a large amount of data exists, our understanding of transcriptional mechanisms governing ion channel expression is far from complete and requires further detailed investigation, not only for epilepsy pathogenesis, but also for other neurodevelopmental disorders. A better understanding of the underlying mechanisms might result in the development of novel drugs and may provide opportunities for better-individualized treatment strategies.
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The Epilepsy of Infancy With Migrating Focal Seizures: Identification of de novo Mutations of the KCNT2 Gene That Exert Inhibitory Effects on the Corresponding Heteromeric KNa1.1/KNa1.2 Potassium Channel
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The epilepsy of infancy with migrating focal seizures (EIMFS; previously called Malignant migrating partial seizures of infancy) are early-onset epileptic encephalopathies (EOEE) that associate multifocal ictal discharges and profound psychomotor retardation. EIMFS have a genetic origin and are mostly caused by de novo mutations in the KCNT1 gene, and much more rarely in the KCNT2 gene. KCNT1 and KCNT2 respectively encode the KNa1.1 (Slack) and KNa1.2 (Slick) subunits of the sodium-dependent voltage-gated potassium channel KNa. Functional analyses of the corresponding mutant homomeric channels in vitro suggested gain-of-function effects. Here, we report two novel, de novo truncating mutations of KCNT2: one mutation is frameshift (p.L48Qfs43), is situated in the N-terminal domain, and was found in a patient with EOEE (possibly EIMFS); the other mutation is nonsense (p.K564*), is located in the C-terminal region, and was found in a typical EIMFS patient. Using whole-cell patch-clamp recordings, we have analyzed the functional consequences of those two novel KCNT2 mutations on reconstituted KNa1.2 homomeric and KNa1.1/KNa1.2 heteromeric channels in transfected chinese hamster ovary (CHO) cells. We report that both mutations significantly impacted on KNa function; notably, they decreased the global current density of heteromeric channels by ~25% (p.K564*) and ~55% (p.L48Qfs43). Overall our data emphasize the involvement of KCNT2 in EOEE and provide novel insights into the role of heteromeric KNa channel in the severe KCNT2-related epileptic phenotypes. This may have important implications regarding the elaboration of future treatment.

Keywords: epilepsy of infancy with migrating focal seizures, KNa channels, KCNT genes, epilepsy, encephalopathy


INTRODUCTION

Channelopathies represent an important cause of neurological disorders (Kumar et al., 2016). Dysfunction of potassium channels has notably been involved in various types of epileptic encephalopathies, including epilepsy of infancy with migrating focal seizures (EIMFS), previously known as malignant migrating partial seizures of infancy. EIMFS are rare, neonatal epilepsies characterized by onset before the age of 6 months, and usually during the first weeks of life, by continuous migrating polymorphous focal seizures with corresponding multifocal ictal electroencephalographic (EEG) discharges associated with progressive deterioration of psychomotor development (Coppola et al., 1995). EIMFS have a genetic origin and can be caused by de novo mutations in the KCNT1 gene encoding the KNa1.1 subunit (Slack or Slo2.2) of KNa channels (Barcia et al., 2012; Ishii et al., 2013; McTague et al., 2013; Rizzo et al., 2016). More recently, two pathogenic mutations in the KCNT2 gene encoding the KNa1.2 subunit (Slick or Slo2.1) have been reported (Gururaj et al., 2017; Ambrosino et al., 2018). KNa channels are voltage-gated potassium channels that are activated by an increase of cytoplasmic Na+ concentration. They contribute to the slow afterhyperpolarization that follows a train of the action potential in several neuronal populations of the brain (Stafstrom et al., 1985; Kim and McCormick, 1998; Budelli et al., 2009; Hage and Salkoff, 2012; Kaczmarek, 2013; Kaczmarek et al., 2016). These subunits co-assemble to form homo or tetra-heteromeric KNa channels. Each subunit is composed of six transmembrane segments and of two intracellular N and C terminal domains (Figure 1). These two subunits display structural differences notably regarding their distal C-terminal region, their electrophysiological properties, their responses to neuromodulators, and their sensitivities to changes in cell volume (Bhattacharjee et al., 2003; Santi et al., 2006; Kaczmarek, 2013; Tejada et al., 2017). The C terminal part contains consensus sites for Na+ within the RCK2 (regulator of conductance of K+) domain and interaction sites for cytoplasmic proteins (e.g., protein kinase C). In KNa1.2 but not KNa1.1, the C-terminus also harbors a binding site for ATP, which function remains elusive (Bhattacharjee et al., 2003; Berg et al., 2007; Kaczmarek, 2013; Garg and Sanguinetti, 2014; Kaczmarek et al., 2016; Gururaj et al., 2017). In heterologous cells, functional analysis of mutant channels associated with EIMFS mostly revealed gain of function effects: potassium current was increased in cells expressing homomeric KNa1.1 channels harboring either of the p.Val271Phe, p.Gly288Ser, p.Arg398Gln, p.Arg428Gln, p.Arg474His, p.Met516Val, p.Lys629Asn, p.Ile760Met, p.Pro924Leu or p.Ala934Thr missense mutations, and in cells expressing homomeric KNa1.2 channels harboring either of the p.Arg190His or p.Arg190Pro missense mutations (Barcia et al., 2012; Rizzo et al., 2016; Villa and Combi, 2016; Ambrosino et al., 2018). A change in channel function has also been described in cells expressing the KNa1.2 subunit harboring the p.Phe240Leu missense mutation: the mutant channel lost its selectivity to K+ ions and gained permissiveness to Na+ ions (Gururaj et al., 2017).
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FIGURE 1. Schematic representation of the KNa1.2 subunit. The location of the two mutations identified in the present study (p.K564* and p.L48Qfs43) is indicated. ATP, adenosine triphosphate binding domain; Extra, extracellular milieu; Intra, intracellular milieu. RCK1 and RCK2, regulator of conductance of K+ domains 1 and 2.



Here, we have used exome sequencing to identify two novel de novo nonsense and frameshift mutations of the KCNT2 gene in two patients with ascertained EIMFS and with EIMFS-like early-onset epileptic encephalopathies (EOEE), respectively. We have investigated the functional consequences of the two mutations in heterologous cells expressing heteromeric channels and showed that both mutations reduced whole-cell potassium current. Therefore, EIMFS may be caused not only by an increase but also by a decrease in the function of KNa.



MATERIALS AND METHODS


Patients

The two patients with KCNT2 mutations were recruited at Hunan Provincial Maternal and Child Health Care Hospital. Leukocyte DNA was extracted from peripheral blood stored in EDTA tubes by the phenol-chloroform method. Clinical information was collected by experienced neurologists. Patients’ parents had informed consents and the study was approved by the Ethics Committee of Hunan Provincial Maternal and Child Health Care Hospital.



Exome Sequencing

Patients’ DNAs were analyzed by next-generation sequencing with the whole-exome sequencing (WES) approach. DNA fragments were sequenced on the HiSeq2500 system (Illumina, San Diego, CA, USA) with a mean depth of 100×. A preliminary processing of WES data (data alignment and filter) followed pipelines as previously reported (Wang et al., 2011).

The annotated data by ANNOVAR (version 20160201; Wang et al., 2011) was used for further data analyses. Public databases (1000Genome, ESP6500, ExAC, dbSNP, and gnomAD) were used to filter known variants with minor allele frequencies (MAFs) over 0.001. Bioinformatics software (PolyPhen, SIFT, CADD or Mutation Taster) were used to predict the pathogenicity of single-nucleotide variations (SNVs). The loss-of-function variants (nonsense variants, frameshift variants, and splicing variants) and predicted pathogenic SNVs were retained. ACMG guidelines were finally used to evaluate the pathogenicity of the variants (Richards et al., 2015).

Sanger sequencing was performed on patients’ DNA to validate the findings of WES and on parents’ DNA to study familial inheritance. Sequencing primers were designed according to the sequences of the detected variants and polymerase chain reaction amplification was carried out for Sanger sequencing.



Constructs and Site-Directed Mutagenesis

The human KCNT1 cDNA construct (Genecopoeia EX-Y5001-M02, thereafter designated as pKCNT1) was used for the expression of wild-type human KNa1.1 subunit (NM_020822). Two human KCNT2 cDNA constructs (Genecopoeia EX-Y5628-M61and EX-Y5628-M83, thereafter designated as pKCNT2-ires-GFP and pKCNT2-ires-mCherry, respectively) were used for expression of mutant or wild-type human KNa1.2 subunits (NM_198503) coupled with internal ribosome entry site (IRES)-driven independent expression of eGFP (green fluorescent protein) or mcherry protein, respectively.

Mutant KCNT2 constructs were generated from their wild-type counterpart by using QuikChange Lightning Site-Directed Mutagenesis Kit according to the manufacturer’s protocol (Agilent Technologies) and the following forward and reverse primers: KCNT2-A1690T: 5′-tctctgctggtcttggttttaaaatgctgaattctcttctttg and 5′-caaagaagagaattcagcattttaaaaccaagaccagcagaga (KNa1.2K564*); KCNT2-del143-144: 5′-cttgatctctggttttttatgaaaaataatttgtctttctttaaatgtattttcattcatatag and 5′-ctatatgaatgaaaatacatttaaagaaagacaaattatttttcataaaaaaccagagatcaag(KNa1.2L48Qfs43). KCNT2 sequences from wild-type and mutant constructs were all verified by Sanger sequencing (GATC Biotech).



Cell Cultures and Transfections

Chinese hamster ovary (CHO) cells were cultured at 37°C in a humidified atmosphere with 5% CO2 with an F-12 Nutrient Mixture (Life Technologies) supplemented with 10% FBS (Fetal Bovine Serum) and 100 units/ml antibiotics/antimycotics (Life Technologies). These cells were transiently transfected using the Neon® Transfection System (Life Technologies) according to the manufacturer’s protocol. Briefly, 105 cells in suspension were transfected with a total amount of 2 μg of DNA. Non-recombinant pcDNA3.1 was added if necessary and concentrations were adjusted to get a total amount of 2 μg of DNA. Electroporation configuration was 1,400 V, 1 pulse, 20 ms. Cells were transiently co-transfected with pKCNT1 and either of pKCNT2-Mutant-ires-GFP or pKCNT2-WT-ires-mCherry or both (see below). Following electroporation, cells were cultured on pre-coated glass coverslips and maintained at 37°C and 5% CO2 with a complete medium for 2 days before recordings. Combinations of plasmids used in this study are shown in Table 1. The eGFP and mCherry fluorescent dyes were used to ascertain the efficacy of transfection assays and select cells for recordings.

TABLE 1. Biophysical properties of currents recorded in chinese hamster ovary (CHO) cells transfected with the following plasmid combinations.
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Electrophysiology

CHO cells were perfused at 1–2 ml/min with the following solution (in mM): 135 NaCl, 3.5 KCl, 5 NaHCO3, 0.5 NaH2PO4, 1 MgCl2, 1.5 CaCl2, 10 HEPES, 10 glucose, and pH 7.3 adjusted with NaOH. Whole-cell patch-clamp recordings were performed with microelectrodes (borosilicate glass capillaries GC 150F-15, Harvard apparatus) filled with a solution containing (in mM): 135 KCl, 0.1 CaCl2, 1.1 EGTA, 10 HEPES, 3 Mg2+ATP, 0.3 Na+GTP, 4 phosphocreatine, pH 7.3 adjusted with KOH and a resistance of 4–6 MΩ. In some experiments, ATP and GTP were omitted from the internal pipette solution. Data were sampled at 10 kHz and filtered with a cut-off frequency of 3 kHz using an EPC-10 amplifier (HEKA Electronik). An hyperpolarizing voltage step of 10 mV during 500 ms followed by incremental depolarizing voltage steps command of 10 mV was applied from a holding potential of −90 mV and up to +110 mV in order to analyze current densities and the conductance–voltage (G–V) relationships. Current densities (expressed in pA/pF) were calculated by measuring current amplitude at the end of the voltage step divided by the capacitance (Cm). G values were obtained from peak amplitudes of the slow outward current divided by the driving force for K+ ions with EK ~−93 mV and normalized to the maximal conductance. Plotted points were fitted with a Boltzmann function: G/Gmax = 1/[1 + exp(V1/2 − Vm)/k] to yield the voltage for half-maximum activation (Vhalf) and the slope factor (k) values. Currents were analyzed using Origin 8.0 software. Analyses were performed after offline leak current subtraction. Membrane potentials were corrected for liquid junction potential (~5 mV).



Statistical Analyses

Data are represented as means ± SEM. Two-way ANOVA with Tukey’s correction for multiple testing or Kruskal–Wallis test were used to assess statistical significance; *adjusted p < 0.05; **adjusted p < 0.01; ***adjusted p < 0.001.




RESULTS


Identification of Two Novel de novo KCNT2 Defects in Patients With Early-Onset Epileptic Encephalopathies

Patient A, female, was born at 42 weeks of gestation after normal pregnancy and delivery. She is the first child of healthy non-consanguineous parents. At 2 months of age, she started to have seizures characterized by twitches of the eyelids, tonic elevation of a single limb or both limbs, and perioral cyanosis. The seizures usually lasted several minutes and occurred in clusters with an increasing frequency of more than 20 seizures per day at 3 months. Neurologic examination revealed generalized hypotonia and severe neurologic impairment with the poor visual following. Seizures were refractory to various antiepileptic drugs including valproate, lamotrigine and levetiracetam. Brain magnetic resonance imaging (MRI) was normal. EEG showed a symmetric slow background pattern, multifocal spikes and seizures arising from different regions independently and migrating from one hemisphere to the other at times (Figure 2A).
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FIGURE 2. Clinical and genetic data. (A) Electroencephalographic (EEG) of a proband with epilepsy of infancy with migrating focal seizures (EIMFS; patient A), showing seizures arising from different hemispheres (left: left occipital lobe; right: right frontal lobe). (B) Sanger sequencing showing (red arrow) nonsense variant p.K564* (NM_198503.2:c.1690A>T) in KCNT2 in the proband (patient A) and not in the parents. (C) Sanger sequencing showing (red arrow) frameshift variant p.L48Qfs43 (NM_198503.2:c.143-144 delTA) in KCNT2 in the proband (patient B) and not in the parents.



DNA from patient A were screened by WES and analyzed by Clinical Sequencing Analyzer (CSA of WuXiNextCODE). After applying filtering methods, Sanger sequencing was performed to exclude false-positive and examine inheritance. We identified a de novo nonsense variant p.K564* (NM_198503.2:c.1690A>T; ClinVar accession number: VCV000695093.1) in KCNT2 which was absent from controls in ExAC, gnomAD, 1000 Genomes, ESP6500 and dbSNP databases, and compound heterozygous variants in ABCC2 (NM_000392.3:c.1018C>A and c.1313T>G). No other variant of interest was identified in other genes including known epilepsy genes. Pathogenic variants in ABCC2 can cause Dubin-Johnson syndrome, a benign autosomal recessive disorder characterized by hyperbilirubinemia with no clinical feature shared with our patients. In the course of the present study, Gururaj et al. (2017) and Ambrosino et al. (2018) identified two de novo KCNT2 missense variants in patients with epileptic encephalopathy. Despite the fact that the KCNT2 gene would not be highly intolerant to loss-of-function mutations, as a few nonsense variants have been detected in control individuals and the pLI score (the probability of being loss of function intolerant) is at 0.67 only (see the ExAC database at: http://exac.broadinstitute.org/), we considered the de novo nonsense variant p.K564* as the most plausible genetic cause (Figure 2B).

We then searched additional KCNT2 variants in our in-house WES database of a cohort of more than 200 patients with early-onset epileptic encephalopathy (EOEE). We found a de novo frameshift variant p.L48Qfs43 (NM_198503.2:c.143-144 delTA; ClinVar accession number: VCV000695094.1) in KCNT2 in an EOEE patient (Patient B) and validated this variant by Sanger sequencing (Figure 2C). This frameshift variant was absent from controls in control databases and no other variant of interest was found in known causative epilepsy genes including EIMFS. Patient B is a 29 years old female who showed mild intellectual disability and seizures. According to her parents and to the medical records, the patient began to have seizure attacks when she was 4 months old. Seizures were mainly focal and migrating, which likely corresponded to EIMFS. However, due to the fact that this is an aged case and considering the relatively low medical level in China almost 30 years ago, diagnosis cannot be firmly ascertained.



Functional Analysis of Wild Type and Mutant Homomeric Human KNa1.2 Channels

To investigate the functional consequences of the KNa1.2 (KCNT2) mutations, CHO cells were first transfected with plasmids encoding the wild type KNa1.2 (KNa1.2WT) subunit. Two days later, cells were recorded with a KCl filled pipette solution that did not contain ATP, as this nucleotide which binds the C-terminal domain of KNa1.2 inhibits channel activity (Bhattacharjee et al., 2003; but see Berg et al., 2007; Garg and Sanguinetti, 2014; Gururaj et al., 2017). We observed that whole-cell current density was slightly but significantly higher than in cells transfected with control plasmid encoding GFP only (n = 12 and 9 cells respectively, Figure 3; Table 1). Values were close to those reported recently in HEK cells (Ambrosino et al., 2018). Similar recordings with pipette solution containing ATP yielded the same results (n = 6 cells, Table 1). This suggested that low expression of KNa1.2 channel-mediated current in CHO cells is independent of the presence or absence of ATP.
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FIGURE 3. Functional analysis of homomeric wild type and mutant human KNa1.2 channels in chinese hamster ovary (CHO) cells. (A) Current response to 10 milliVolts (mV) voltage steps command from −90 mV to +110 mV for 500 ms in cells transfected with plasmids encoding: (a) green fluorescent protein (GFP, left traces), wild-type KNa1.2 (KNa1.2WT, right traces) subunits; (b) the mutant p.K564* (KNa1.2K564*, left traces), both KNa1.2WT and KNa1.2K564* subunits (right traces); (c) the mutant p.L48Qfs43 (KNa1.2L48Qfs43, left traces), both KNa1.2WT and KNa1.2L48Qfs43 subunits (right traces). (B) Upper graph: current density expressed in picoAmperes/picofarads (pA/pF) measured at membrane potentials (Vm) as indicated in abscissa, in cells transfected with plasmids encoding GFP, KNa1.2WT, KNa1.2K564*, both KNa1.2WT, and KNa1.2K564* subunits. Bottom graph: same measurements in cells transfected with plasmids encoding GFP, KNa1.2WT, KNa1.2L48Qfs43, both KNa1.2WT and KNa1.2L48Qfs43 subunits. Corresponding symbols are shown on the right of each graph. Two-way ANOVA with Tukey’s correction for multiple comparisons. ***p < 0.001.



CHO cells were then transfected with plasmids encoding either the human KNa1.2 p.K564* (KNa1.2K564*; n = 10 cells) or the KNa1.2 p.L48Qfs43 (KNa1.2L48Qfs43; n = 10 cells) mutant subunits. p.K564* is a nonsense mutation localized in the C-terminal part of KNa1.2 and situated between the RCK1 and RCK2 domains (Figure 1). This mutation leads to a truncated protein lacking the RCK2 domain and the ATP and PDZ binding sites. p.L48Qfs43 is a frameshift mutation localized in the N-terminal domain of the protein. This mutation leads to a protein composed of the N-terminal domain and the first transmembrane segment S1. For both mutations, depolarizing voltage steps elicited significantly smaller currents compared to cells transfected with KNa1.2WT plasmids (n = 12 cells), and responses were similar to those obtained in cells expressing only GFP. Same results were obtained in cells co-transfected with plasmids encoding KNa1.2WT and KNa1.2K564* subunits (n = 11 cells), or KNa1.2WT and KNa1.2L48Qfs43 subunits (n = 10 cells, Figure 3). Although the current mediated by KNa1.2WT was very small, these data suggested that in contrast with other previously reported KCNT2 mutations (Ambrosino et al., 2018), p.K564* and p.L48Qfs43 decreased KNa1.2-mediated currents.



Functional Analysis of Wild Type and Mutants Heteromeric KNa1.1/KNa1.2 Channels

Immunohistochemical studies performed in rodent brain have shown that KNa1.1 and KNa1.2 subunits exhibited distinct expression patterns but could also co-localize (Bhattacharjee et al., 2005; Chen et al., 2009; Rizzi et al., 2016). Moreover, biochemical and electrophysiological studies performed in heterologous cells have demonstrated that rat KNa1.1 and rat KNa1.2 subunits can form heteromeric channels (Chen et al., 2009). The co-assembly of the two subunits enhances channel expression to the plasma membrane, leading to the global current density that is higher than with KNa1.1 or KNa1.2 alone (Chen et al., 2009). We thus decided to study if the same properties would also characterize the human KNa subunits, and if so, to analyze the impact of the two pathogenic mutations in this heteromeric condition.

To this aim, CHO cells were first transfected with plasmid encoding KNa1.1 and recorded with a KCl filled pipette solution containing ATP. These cells responded to depolarizing voltage steps by large outwardly rectifying currents (n = 25 cells, Figures 4A,B). Currents were abolished in cells superfused with bepridil 10 μM (n = 5 cells), or in cells recorded with a Na+-free internal pipette solution (n = 5 cells, Figures 4A,B). These data confirmed that the outward rectifying current was mediated by activation of the Na+-dependent potassium KNa channels. Boltzmann analysis of the conductance/voltage curve showed that Vhalf was at 10.7 ± 3.3 mV, a mean value close to the one reported previously (Rizzo et al., 2016), and the slope factor was at 42.9 ± 3.3 mV/e fold (n = 17 cells, Table 1), a mean value higher than the one reported by the same authors but which indicated the low voltage sensitivity of KNa channels (Salkoff et al., 2006).
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FIGURE 4. Functional analysis of KNa1.1 and heteromeric KNa1.1/KNa1.2 channels. (A) Current traces evoked by voltage steps in cells expressing KNa1.1 subunit and recorded with pipette solution containing either 15 mM Na+ (left traces), or no Na+ (middle traces), or 15 mM Na+ and an extracellular medium containing 10 μM bepridil (right traces). (B) Current densities measured in the three recording conditions as in (A). (C) Current traces recorded with pipette solution containing 3 mM ATP/0.3 mM GTP in cells expressing the KNa1.2WT subunit (left traces), both KNa1.1 and KNa1.2WT subunits (middle traces) and both KNa1.1 and KNa1.2WT subunits in the presence of 10 μM bepridil in the extracellular medium (right traces). (D) Current densities measured in the three conditions as depicted in (C). Two-way ANOVA with Tukey’s correction for multiple comparisons. ***p < 0.001.



CHO cells were then transfected with plasmids encoding the KNa1.1 and KNa1.2WT subunits (n = 21 cells). We observed that whole-cell current was almost twice higher than that generated by KNa1.1 alone (n = 25 cells, Figures 4C,D), without any significant change in Vhalf and in the slope factor of the conductance/voltage relationship (Figure 5, Table 1). This current was also dramatically reduced by bepridil 10 μM (n = 5 cells). Thus, like for rat KNa1.1 and rat KNa1.2, the two human subunits might co-assemble in CHO cells to form heteromeric channels with larger currents.
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FIGURE 5. Functional consequences of the p.K564* mutation on heteromeric channels. (A) Schematic representation of the expected KNa1.2K564* mutant subunit. The nonsense mutation locates in the C-terminal part of the protein between the RCK1 and RCK2 domains, leading to a predicted truncated protein. (B) Representative current responses to depolarizing voltage steps in CHO cells transfected with KNa1.1 + KNa1.2WT (left traces); KNa1.1 + KNa1.2K564* (middle traces); KNa1.1 + KNa1.2WT + KNa1.2K564* (right traces) plasmids. (C) Current densities measured in these three conditions but also including KNa1.1 and KNa1.2WT for comparison. (D) Conductance-voltage relationship of wild type homomeric KNa1.1; wild type heteromeric KNa1.1 + KNa1.2; heteromeric mutant KNa1.1 + KNa1.2K564* and heteromeric mutant KNa1.1 + KNa1.2WT+ KNa1.2K564* channels normalized. Two-way ANOVA with Tukey’s correction for multiple comparison. ***p < 0.001; **p < 0.01.



We then evaluated the consequences of each of the two mutant KNa1.2 subunits on heteromeric KNa1.1/KNa1.2 channels, either in a homozygous state, or in a heterozygous state to mimic the patient’s situation. In cells co-transfected with KNa1.1 and KNa1.2K564* plasmids (homozygous mutant state, n = 18 cells), the level of whole-cell current was lower as compared to the wild-type situation, and was similar to the current recorded in cells expressing KNa1.1 only (Figures 5A,B). The reduction of global current density was not associated with any significant change in the conductance-voltage relationship (n = 15 cells). In cells co-transfected with KNa1.1/KNa1.2WT/KNa1.2K564* plasmids (heterozygous mutant state, n = 18 cells), the level of whole-cell current was significantly increased as compared with cells expressing KNa1.1 channels only and was significantly decreased as compared with cells expressing heteromeric wild-type KNa1.1/KNa1.2WT channels (Figures 5B–D, Table 1).

As with the p.K564* mutation, whole-cell current measured in cells co-transfected with KNa1.1 and mutant KNa1.2L48Qfs43 plasmids (homozygous mutant state, n = 19 cells, Figures 6A,B) was identical to the current measured in cells transfected with KNa1.1 plasmid only (n = 25 cells), again without any significant change in the conductance/voltage relationship. Interestingly, currents measured in cells co-transfected with KNa1.1/KNa1.2WT/KNa1.2L48Qfs43 plasmids (n = 14 cells) were identical to currents measured in cells expressing KNa1.1 only (Figures 6B–D, Table 1). This indicated a possible dominant-negative effect for p.L48Qfs43.
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FIGURE 6. Functional consequences of the p.L48Qfs43 mutation on heteromeric channels. (A) Schematic representation of the expected KNa1.2L48Qfs43 mutant subunit. The frameshift mutation locates in the N-terminal part of the protein, leading to predicted protein composed of the N-terminal domain and of transmembrane segment S1. (B) Representative current responses to depolarizing voltage steps in CHO cells transfected with KNa1.1 + KNa1.2WT (left traces); KNa1.1 + KNa1.2L48Qfs43 (middle traces); KNa1.1 + KNa1.2WT+ KNa1.1L48Qfs43 (right traces) plasmids. (C) Current densities measured in these three conditions but also including KNa1.1 and KNa1.2WT for comparison. Corresponding symbols are indicated on the top of the graph. (D) Conductance-voltage relationship of wild type homomeric KNa1.1; wild type heteromeric KNa1.1 + KNa1.2; heteromeric mutant KNa1.1 + KNa1.2L48Qfs43 and heteromeric mutant KNa1.1 + KNa1.2WT+ KNa1.2L48Qfs43 channels normalized. Two-way ANOVA with Tukey’s correction for multiple comparisons. ***p < 0.001; ns, not significant.






DISCUSSION

Here, we report two patients diagnosed as EIMFS and EIMFS-like EOEE, respectively, and carrying two novel de novo variants in the KCNT2 gene. Patient A in our study fulfilled the diagnostic criterion for EIMFS (Coppola et al., 1995) including age at the onset before 6 months of age, migrating focal motor seizures, seizures refractory to antiepileptic drugs, and severe psychomotor delay. EEG of patient A also showed the typical “jumping” areas at onset between two hemispheres. According to the clinical manifestations and the EEGs, diagnosis of EIMFS in patient A can be ascertained. We also diagnosed patient B as probably having EIMFS, based on the age at onset and characteristics of her seizure attacks.

EIMFS is a severe, drug-resistant, early-onset epilepsy encephalopathy in which variants in the KCNT1, SCN1A, SCN8A, SCN2A, PLCB1, KCNT1, SLC25A22, TBC1D24 and SLC12A5 genes as well as 16p11.2 duplication have been reported. While de novo gain of function KCNT1 (KNa1.1) variants are the most common cause of EIMFS (Bedoyan et al., 2010; Carranza Rojo et al., 2011; Barcia et al., 2012; Poduri et al., 2012, 2013; Ishii et al., 2013; McTague et al., 2013; Milh et al., 2013; Ohba et al., 2014; Howell et al., 2015; Stödberg et al., 2015; Rizzo et al., 2016; Villa and Combi, 2016), it was recently reported that de novo mutations in the KCNT2 (KNa1.2) gene also caused EOEE, including EIMFS. Two gain-of-function KCNT2 mutations were identified in a patient with West syndrome that evolved to a Lennox-Gastaut syndrome, and in a patient with EIMFS, respectively (Ambrosino et al., 2018). A third KCNT2 mutation leading to KNa1.2 channels that were no more selective for K+ ions and that became permeable to Na+ ions was identified in a patient with multi-focal epileptogenic activity or hypsarrhythmia (Gururaj et al., 2017). Here, we have identified in two patients with EIMFS and EIMFS-like phenotypes, two novel de novo mutations in KCNT2 (KNa1.2), respectively localized in the N-terminal (p.L48Qfs43) and C-terminal (p.K564*) domains of the protein and which both led to significantly reduced activity of heteromeric KNa channels in vitro. To reach this conclusion, we have analyzed the macroscopic current in CHO cells co-transfected with wild type and mutant KNa1.2 subunits, notably in the heterozygous configuration to mimic the patient’s situation. To the best of our knowledge, the functional impact of KNa1.2 pathogenic mutations on currents generated by human heteromeric KNa channels had never been tested in such a configuration, although immunohistochemical studies performed in adult rodent brain provided evidence that KNa1.1 and KNa1.2 subunits can co-localize and potentially form heteromeric channels (Bhattacharjee et al., 2005; Chen et al., 2009; Rizzi et al., 2016). KNa channels are also very likely to be formed by homomeric KNa1.1 or KNa1.2 subunits in another large subset of neuronal cells. Here, we observed that human KNa1.2WT produced a very small current either in the presence or absence of ATP. The same difficulty to detect current in CHO cells was mentioned by Gururaj et al. (2017). In cells co-transfected with KNa1.1 and KNa1.2 plasmids, the current was larger as compared to cells transfected either with KNa1.1 or with KNa1.2 plasmids alone, indicating that both subunits are expressed and would co-assemble to form a heteromeric channel. It is possible that in spite of the internal dialysis due to whole-cell recording, the endogenous concentration of ATP in CHO cells is high enough to exert its inhibitory effect on the KNa1.2 subunit (Bhattacharjee et al., 2003)—although the action of ATP has been challenged in other studies (Berg et al., 2007; Garg and Sanguinetti, 2014; Gururaj et al., 2017). Another possibility is that the intracellular concentration of Na+ (15 mM) is not high enough to activate the channel. The reliable current was observed in HEK cells expressing human KNa1.2 subunit but with a patch pipette solution containing 70 mM Na+ concentration (Berg et al., 2007). In fact, KNa1.2 channels might be less sensitive to [Na+]i than KNa1.1 (Bhattacharjee et al., 2003; Kaczmarek, 2013). The small current produced by human KNa1.2 contrasts with the large whole-cell current produced in the same cells by rat KNa1.2 subunit (Gururaj et al., 2017). There are slight differences in amino acids sequence between the rat and human KNa1.2 subunits (~2%; Bhattacharjee et al., 2003): some of these amino acids may be instrumental for the functional discrepancy between rat and human KNa1.2 subunit, as shown for the rodent and human Kv7.3 subunit of Kv7 potassium channels (Etxeberria et al., 2004). Thus, the role of homomeric KNa1.2 channel in human neurons might even be questioned if, like in CHO cells, they mediated a very small current only. Hence and apart from the gain of function mutations reported recently (Ambrosino et al., 2018), the role of KNa1.2 and the functional consequences of the two mutants reported here would be exerted in human neurons co-expressing KNa1.1 and KNa1.2.

In the present study, we did not investigate the cellular mechanisms that would account for the effects of the two mutations. First, we showed that both mutant subunits failed to generate significant current. This was expected for KNa1.2L48Qfs43 as the mutant subunit would not contain a pore domain—if not degraded. This was also not surprising for KNa1.2K564* as the truncated part of the C-terminal domain includes the RCK2 domain which contains coordination motif for Na+ interaction (Thomson et al., 2015). Second, cells co-transfected with plasmids encoding KNa1.1 and either of the mutant KNa1.2 subunits in a homozygous state exhibited whole-cell currents that were similar to the currents measured in cells transfected with the KNa1.1 plasmid alone. This suggested either that the mutant subunits are rapidly degraded or lead to a non-functional heteromeric channel, or that the mutations prevented the assembly of KNa1.2 with KNa1.1. Indeed, the N-terminal domain of KNa1.1 plays a key role in heteromerization and channel trafficking (Chen et al., 2009). As channel formation (assembly, stabilization, trafficking) generally involves multiple inter-subunit association sites (Deutsch, 2002), it is also possible that the lack of the C-terminal part of mutant KNa1.2 subunits plays instrumental role.

In the KNa1.1/KNa1.2WT/KNa1.2K564* mutant heterozygous configuration mimicking the patient situation, global current density was intermediate between that of cells expressing KNa1.1 alone and that of cells expressing both KNa1.1/KNa1.2 subunits. Whether the moderate alteration (~25% decrease) of KNa current density observed with the p.K564* mutation would be sufficient to cause EIFMS remains to be firmly established. Indeed, KCNT2 does not look that intolerant to heterozygous loss of function mutations, as can be inferred from databases of control individuals. On the one hand and although very unlikely, we cannot firmly exclude that the identification of the de novo p.K564* mutation in an EFMIS patient was coincidental by chance only. On the other hand, nonsense mutations in other epilepsy genes (e.g., DEPDC5) have also been detected in control individuals, and pLI scores should be interpreted with caution (Fuller et al., 2019). Also, different nonsense mutations in a given gene might be differently subjected to nonsense-mediated mRNA decay (NMD) which in turn sustains compensatory effects (El-Brolosy et al., 2019). Moreover, the actual impact of a deleterious ion channel mutation might be better seen in the genetic context of variants in other ion channels (Klassen et al., 2011). Interestingly, while the typical mutations of KCNT1 leading to EIFMS are gain of function and KCNT1 would be even more tolerant than KCNT2 to loss-of-function variants (pLI score at 0.01 at the ExAC database, http://exac.broadinstitute.org/), a Phe932Ile loss of function variant in KCNT1 was reported in a patient with severe epilepsy, delayed myelination and leukoencephalopathy (Vanderver et al., 2014; Evely et al., 2017), further indicating that decreased activity of KNa channels can indeed be associated with severe neurological manifestations including epilepsy. The other mutation found here in KCNT2, p.L48Qfs43, had more dramatic effects than p.K564*: in the KNa1.1/KNa1.2WT/KNa1.2 L48Qfs43 configuration, current global density was more severely affected than with p.K564* and was similar to that of KNa1.1 alone, consistent with a dominant-negative effect of p.L48Qfs43. Overall this indicates how important these channels are to control neuronal excitability at early developmental stages. That similar phenotypes were observed in patient B carrying the p.L48Qfs43 mutation (~55% decrease KNa current density) or in a patient carrying the gain of function p.R190P mutation (Ambrosino et al., 2018) suggests that KNa channels efficiency should be tightly regulated during brain development and that any alteration, whatever its direction, would deeply impact on cortical networks activities.

There is now evidence that gain or loss of function mutations of a given ion channel may both lead to epileptic encephalopathies—although differences in phenotypes may exist (see above). This has been well documented for Kv7.2 de novo mutations (Miceli et al., 2013, 2015; Orhan et al., 2014; Abidi et al., 2015; Devaux et al., 2016; Mulkey et al., 2017). We now show that this is also the case for KNa1.2 mutations. This may have practical implications as drugs inhibiting/reducing KNa1.1 channel activity such as quinidine have been used to improve the EEG and background activity in a subset of the patients. Different hypotheses have been proposed to explain how an increase or a decrease in the function of a given ion channel may have similar consequences on network activity. Notably different sensitivity of a mutant channel in pyramidal cells and in interneurons has been suggested, creating an imbalance between excitation and inhibition or favoring neuronal synchronization (Miceli et al., 2015; Niday and Tzingounis, 2018). The development of animal models carrying loss and gain of function mutations is needed to solve this apparent paradox. This is particularly important for the KNa1.2 subunit, whose exact role in neuronal activity remains to be addressed.
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γ-Aminobutyric acid (GABA) transporter (GAT)-1, the major GABA transporter in the brain, plays a key role in modulating GABA signaling and is involved in the pathophysiology of several neuropsychiatric diseases, including epilepsy. The original description of GAT-1 as a neuronal transporter has guided the interpretation of the findings of all physiological, pharmacological, genetic, or clinical studies. However, evidence published in the past few years, some of which is briefly reviewed herein, does not seem to be consistent with a neurocentric view of GAT-1 function and calls for more detailed analysis of its localization. We therefore performed a thorough systematic assessment of GAT-1 localization in neocortex and subcortical white matter. In line with earlier work, we found that GAT-1 was robustly expressed in axon terminals forming symmetric synapses and in astrocytic processes, whereas its astrocytic expression was more diffuse than expected and, even more surprisingly, immature and mature oligodendrocytes and microglial cells also expressed the transporter. These data indicate that the era of “neuronal” and “glial” GABA transporters has finally come to a close and provide a wider perspective from which to view GABA-mediated physiological phenomena. In addition, given the well-known involvement of astrocytes, oligodendrocytes, and microglial cells in physiological as well as pathological conditions, the demonstration of functional GAT-1 in these cells is expected to provide greater insight into the phenomena occurring in the diseased brain as well as to prompt a reassessment of earlier findings.
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INTRODUCTION

γ-Aminobutyric acid (GABA) transporter (GAT)-1 is a highly conserved molecule that is encoded by SLC6A1 and transports GABA in a high-affinity, Na+- and Cl−-dependent manner (Kanner, 1978; Guastella et al., 1990; Borden, 1996). As the major GABA transporter in the brain, it plays a key role in modulating GABA signaling (Cherubini and Conti, 2001; Scimemi, 2014). Besides being involved in a broad range of brain functions (Cherubini and Conti, 2001; Bragina et al., 2008; Conti et al., 2011; Kinjo et al., 2013; Scimemi, 2014; Savtchenko et al., 2015; Zafar and Jabeen, 2018), GAT-1 has also been implicated in the pathophysiology of a number of neuropsychiatric disorders including anxiety, depression, epilepsy, Alzheimer’s disease, and schizophrenia (Lai et al., 1998; Nägga et al., 1999; Pierri et al., 1999; Sundman-Eriksson and Allard, 2002; Conti et al., 2004; Lewis and Gonzalez-Burgos, 2006; Cope et al., 2009; Bitanihirwe and Woo, 2014; Carvill et al., 2015; Gong et al., 2015; Fuhrer et al., 2017; Mattison et al., 2018).

GABA uptake by GAT-1 is heavily inhibited by cis-3-aminocyclohexane carboxylic acid (ACHC) and, to a lower extent, by 2,4-diaminobutyric acid, but not by β-alanine (Guastella et al., 1990; Keynan et al., 1992; Liu et al., 1993), two features that have often been considered typical of “neuronal” transporters. This view has been bolstered by the demonstration that GAT-1 is strongly expressed in axon terminals (Minelli et al., 1995; Conti et al., 1998)—despite the fact that the same studies also clearly documented an astrocytic localization—and is still widely used to interpret physiological, pharmacological, genetic, and clinical investigations. However, the findings of several studies published in the past few years call for a more detailed analysis of GAT-1 localization.



RECENT STUDIES SUGGEST A LESS SIMPLISTIC SCENARIO

After reports of SLC6A1 variants in patients with myoclonic atonic epilepsy (Dikow et al., 2014; Carvill et al., 2015; Mattison et al., 2018; Cai et al., 2019; Posar and Visconti, 2019), clinical, neurophysiological, and genetic examination of a relatively large cohort of subjects (n = 34) bearing SLC6A1 mutations demonstrated that 97% of them exhibited varying degrees of intellectual disability (ID) and that 91% had been diagnosed with epilepsy (absence, myoclonic, or atonic) based on EEG patterns characterized by irregular, high, ample, generalized spikes, and wave discharges (Johannesen et al., 2018). Notably, more than 60% of these subjects had suffered from moderate or significant ID before epilepsy onset, whereas in a limited number of cases, the ID was not accompanied by epilepsy. Although genetic analysis of the SLC6A1 variants suggested that the probable disease mechanism was loss of GAT-1 function, assessment of the clinical characteristics associated to them disclosed a wide phenotypic spectrum where the dominant sign, ID, is not quite a “pure” neuronal disorder (Di Marco et al., 2016; Iwase et al., 2017; Maglorius Renkilaraj et al., 2017).

Earlier this year, Inaba et al. (2019) used a model of chronic brain hypoperfusion to assess the protective effects conferred by the anticonvulsant levetiracetam (LEV) on the white matter of mice subjected to bilateral common carotid artery stenosis (BCAS). They found that LEV: (i) did confer protection against learning and memory impairment and white matter injury; (ii) induced PKA/CREB activation; (iii) raised the number of (GFAP-labeled) astrocytes in a time-dependent manner; (iv) reduced Iba-1-positive (+) microglial cells; and (v) increased oligodendrocytes and their precursor cells (Inaba et al., 2019). According to the evidence published to date, synaptic vesicle protein SV2A is the sole receptor for LEV (Lynch et al., 2004). However, an earlier report that LEV increases GAT-1 expression (Ueda et al., 2007), presumably through protein–protein interactions—as recently shown for other vesicular proteins (Marcotulli et al., 2017)—suggests that at least some of the effects described by Inaba et al. (2019) might be mediated through GAT-1.

In 1990, Braestrup and colleagues reported that tiagabine [(3R)-1-[4,4-bis(3-methylthiophen-2-yl)but-3-en-1-yl]piperidine-3-carboxylic acid] nipecotic acid] binds GAT-1 with high affinity (Braestrup et al., 1990). Subsequently, after GAT-1 cloning and functional characterization (Guastella et al., 1990), tiagabine was demonstrated to interact specifically with it (Borden et al., 1994; Borden, 1996) and to be a clinically effective antiepileptic drug (Suzdak and Jansen, 1995; Schousboe and White, 2009; Froestl, 2011). The selectivity of tiagabine for GAT-1 confines its action to those regions of the central nervous system where the transporter plays a large role (neocortex, cerebellum, and hippocampus; Jasmin et al., 2004). Tiagabine has also been found to exert antinociceptive, anxiolytic-like, sedative, and antidepressant-like actions (Jasmin et al., 2004; Sałat et al., 2015). Finally, tiagabine monotherapy appears to improve the performance of epilepsy patients on a number of neuropsychological tests (Dodrill et al., 1998), an effect that seems to relate to the report that heterozygous mice show greater learning and memory compared to wild-type and homozygous GAT-1−/− mice (Shi et al., 2012).

In 2015, two articles revived the interest in the effects of tiagabine. In a study of cerebellar GABA signaling using a mouse model of diffuse white matter injury (DWMI), a severe neurological syndrome characterized by hypomyelination and disruption of subcortical white matter development and involving behavioral, cognitive, and motor deficits, Zonouzi et al. (2015) demonstrated that tiagabine enhances the progression of NG2 (oligodendrocyte precursor) cells and promotes oligodendrogenesis and myelination. The same year, Liu and coworkers documented that in a methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of Parkinson’s disease, tiagabine pretreatment attenuates microglial activation, it confers partial protection on the nigrostriatal axis, and it alleviates motor deficits, but its protective function is abolished in GAT-1 knockout mice challenged with MPTP. The authors also found that tiagabine suppresses microglial activation in mice treated by intranigral lipopolysaccharide infusion, an alternative model of Parkinson’s disease (Liu et al., 2015). Although neither study clarified the mechanism(s) underlying tiagabine’s action, it is conceivable that the effects described by Zonouzi et al. (2015) and Liu et al. (2015) depend on a direct action on GAT-1 expression by microglial cells and oligodendrocytes, which may go some way toward explaining the findings of the two groups.



EVIDENCE FOR A WIDESPREAD CELLULAR EXPRESSION OF GAT-1

Some years ago, while investigating GAT-1 immunoreactivity in subcortical white matter, we detected GAT-1 cells of different sizes and morphologies (Figure 1). Some were small and round with small processes (Figure 1A), and others were medium-sized, rounded or oval with regular profiles; some medium-sized cells had a pyramidal shape with long and intensely stained processes, whereas other cells were large and elongated. The frequency distribution of their diameter is reported in Figure 1B. The broad difference in the size and morphology of these subcortical white matter cells suggested to us that they might belong to different types. We therefore set up a study to examine them in detail.


[image: image]

FIGURE 1. (A) GAT-1 immunoreactivity in the subcortical white matter reveals the presence of numerous cells of small and medium size (arrows) and of different morphology. (B) Frequency and (C) cumulative frequency distribution of the diameter of GAT-1-positive cells. Bar: 20 μm (modified from Fattorini et al., 2017).



In line with earlier work (Minelli et al., 1995; Conti et al., 1998), electron microscopic (EM) observation demonstrated that GAT-1 was robustly expressed in axon terminals forming symmetric synapses and in astrocytic processes. However, its astrocytic expression was more diffuse than expected and, even more surprisingly, immature and mature oligodendrocytes and microglial cells also expressed the transporter (Figure 2).
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FIGURE 2. (A–D) Four low-magnification electron microscopic (EM) fields showing GAT-1 immunoreactivity in cerebral neocortex (layers II–III of rat parietal cortex). Colored profiles code for different GAT-1-positive cell types and/or profiles: blue, axon terminals, axon, and neuron; yellow, astrocyte and astrocytic processes; green, oligodendrocyte; red, microglial cell. Framed regions in (A–D) are reproduced and enlarged, in the lowest portion of the figure. Bar: 2.5 μm for (A–D); 0.8 and 1 μm for enlarged frames of (A) and (B–D), respectively (modified from Melone et al., 2015; Fattorini et al., 2017, 2020).




Astrocytes

Recently, quantitative EM analysis, performed in our laboratory, disclosed hitherto unknown features of astrocytic GAT-1 localization in rat cerebral cortex; in particular, we found that: (i) approximately 43% of GAT-1+ profiles in the cortical neuropil are astrocytic processes; (ii) at synaptic loci, GAT-1+ astrocytic processes lie close to the pre- and postsynaptic elements of symmetric as well as asymmetric synapses; and (iii) astrocytic GAT-1 expression at symmetric synapses is not homogeneous, since in ~15% of cases it is associated to GAT-1+ axon terminals and in ~22% of cases it is exclusively localized in astrocytic processes associated to symmetric synapses (i.e., not expressing GAT-1 in axon terminals). The latter fraction of astrocytic GAT-1 increases to up to ~38% in GABAergic synapses targeting distal dendrites and spines, where GAT-1+ axon terminals are less numerous (Melone et al., 2014). Immunogold EM demonstrated that the density of GAT-1 molecules in astrocytic process membranes was ~3.5 times higher than in axon terminals and displayed a continuous distribution from perisynaptic to extrasynaptic regions (respectively within and over 300 nm from the borders of the symmetric synapse specializations), with peaks of concentration at ~950 nm; in contrast, GAT-1 molecules in the membranes of axon terminals showed a preferential perisynaptic localization (Melone et al., 2015).



Oligodendrocytes

EM analysis revealed GAT-1 immunoreactivity in immature and mature oligodendrocytes both in gray matter and in subcortical white matter. Co-localization studies of GAT-1 and specific oligodendrocyte markers (NG2 and RIP) demonstrated that approximately 12% of GAT-1+ cells in white matter were immature oligodendrocytes and that about 15% were mature oligodendrocytes. Studies of radiolabeled GABA uptake, performed to establish whether GAT-1 localized in oligodendrocytes was functional, demonstrated significant inhibition of Na+-dependent GABA uptake in the presence of tiagabine, indicating that GABA uptake in oligodendrocytes is driven by GAT-1 (Fattorini et al., 2017).



Microglial Cells

EM analysis also demonstrated GAT-1 immunoreactivity in the soma of microglial cells in subcortical white matter and cortical gray matter as well as in microglial processes, where GAT-1 was localized predominantly in the proximal portion. To quantify GAT-1 protein in microglial cells, we measured the volume of the cells containing the GAT-1 protein signal (in cx3cr1+/gfp animals) and found that it was ~3% in subcortical white matter and ~8% in cortical gray matter. We also established that Na+-dependent GABA uptake was significantly inhibited by NNC-711, a potent GABA uptake inhibitor with high affinity and selectivity for GAT-1 (Borden et al., 1994). In addition, we documented that, like neurons, microglial cells can regulate the membrane expression of GAT-1 in a syntaxin1A-dependent manner (Deken et al., 2000), since syntaxin1A-specific cleavage by botulin toxin C1 (Schiavo et al., 1995; Deken et al., 2000) completely blocks GAT-1-dependent modulation of GABA uptake (Fattorini et al., 2020).




DISCUSSION

The notion that GAT-1 is not an exclusively “neuronal” transporter appears to be gaining momentum. Indeed, quantitative analysis of GAT-1 in the cerebral cortex, performed in our laboratory, showed that 54% of GAT-1 + profiles were neuronal and that no less than 42% were astrocytic (Melone et al., 2015). More recently, we reported significant GAT-1 expression in oligodendrocytes and microglia (Fattorini et al., 2017, 2020; Figure 2). In this connection, it is worth noting that GAT-3, a putative “glial” transporter (see Minelli et al., 1996 for the neocortex), also seems to be expressed in brainstem and cortical neurons, at least in certain experimental conditions (Clark et al., 1992; Melone et al., 2003, 2005, 2015), and that GAT-2, another putative “glial” transporter, is expressed in epithelial cells and, although at a very low level, also in neurons (Conti et al., 1999). It therefore seems that the era of “neuronal” and “glial” GABA transporters has finally come to a close.

The demonstration that all major brain cells express GAT-1 will conceivably contribute to generate a wider framework through which to assess (and indeed reassess) numerous cerebral GABA-mediated phenomena that occur in physiological conditions. This requires tackling first the issue of the physiological role of GAT-1 in oligodendrocytes and microglial cells. Given the well-established involvement of astrocytes, oligodendrocytes, and microglial cells in pathophysiological conditions (Verkhratsky and Butt, 2013), the demonstration of functional GAT-1 in these cells is expected to provide greater insight into the phenomena occurring in the diseased brain and to prompt a reappraisal of earlier findings. Notably, one of the studies that stimulated the present reassessment (Zonouzi et al., 2015) can now be interpreted as showing that the contribution of GAT-1 to the pathophysiology of DWMI may be mediated by oligodendrocytes, and a similar situation may well arise for the ID seen in some forms of epilepsy. Also, the findings reported by Liu et al. (2015) could simply be interpreted as indicating that GAT-1 expression by microglia may be the direct mechanism by which the transporter contributes to the pathophysiology of Parkinson’s disease.
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Autophagy is a highly conserved degradative process that conveys dysfunctional proteins, lipids, and organelles to lysosomes for degradation. The post-mitotic nature, complex and highly polarized morphology, and high degree of specialization of neurons make an efficient autophagy essential for their homeostasis and survival. Dysfunctional autophagy occurs in aging and neurodegenerative diseases, and autophagy at synaptic sites seems to play a crucial role in neurodegeneration. Moreover, a role of autophagy is emerging for neural development, synaptogenesis, and the establishment of a correct connectivity. Thus, it is not surprising that defective autophagy has been demonstrated in a spectrum of neurodevelopmental disorders, often associated with early-onset epilepsy. Here, we discuss the multiple roles of autophagy in neurons and the recent experimental evidence linking neurodevelopmental disorders with epilepsy to genes coding for autophagic/lysosomal system-related proteins and envisage possible pathophysiological mechanisms ranging from synaptic dysfunction to neuronal death.
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INTRODUCTION

Macroautophagy (henceforth autophagy) is a highly conserved cellular process that tackles dysfunctional proteins, lipids, and organelles to lysosomes for degradation. Substrates are initially isolated by a double membrane, the phagophore, which subsequently elongates and surrounds the substrates with a membranous structure, the autophagosome (AP; Dikic and Elazar, 2018). APs are transient organelles destined to fuse with the lysosome for the degradation of their contents. Autophagy is virtually active in all cell types to ensure homeostasis and has been implicated in protein and organelle quality control, development and differentiation, aging, and immunity. Autophagy is modulated by nutrients and growth factors and levels of AMP/ATP sensed by mammalian target of rapamycin complex1 (mTORC1) and AMP-dependent protein kinase (AMPK), respectively (Menzies et al., 2017). A scheme of the autophagy pathway is reported in Figure 1.
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FIGURE 1. Overview of the mammalian autophagy pathway. In nutrient-rich conditions (fed state) mTOR phosphorylates TFEB preventing its nuclear translocation. In nutrient depletion or low-energy state, mTOR is inactive, and TFEB translocates to the nucleus leading to the transcription of many autophagy and lysosomal genes. mTOR inhibition together with AMPK activation positively regulate the ULK1 complex. Induction of this complex regulates the recruitment of the Beclin1/Ambta1/VSP34/VPS15 complex to the phagophore and, hence, the production of PI3P and downstream autophagy effectors Atg5/Atg12/Atg16L1 via the binding of WIPI proteins. This step is essential for the conversion of LC3-I to LC3-II through Atg7 and its conjugation to phagophore membrane. The membranes of these structures appear to have multiple sources, such as the endoplasmic reticulum, Golgi apparatus and trans-Golgi network, endosomal compartment, and mitochondria. LC3-II attracts components of the autophagy machinery and is required for elongation and closure of the phagophore membrane. Mature autophagosome finally fuses with the lysosome, forming the autolysosome, where autophagic cargo is degraded and then released back to the cytoplasm to be re-used by the cell. The proton gradient imposed by the lysosomal v-ATPase is essential for proteolysis as hydrolase activity strictly relies on acidic pH. Autophagy genes mutated in neurodevelopmental disorders with epilepsy are marked in red. AMPK, AMP-dependent protein kinase; mTORC1, mammalian target of rapamycin complex 1; TFEB, transcription factor EB; ULK, mammalian homologs of the Caenorhabditis elegans uncoordinated-51 kinase.



Dysfunctional autophagy has been associated with several pathologies and most neurodegenerative diseases. Neurons appear to be particularly dependent on autophagy since their post-mitotic nature makes them highly sensitive to the accumulation of toxic proteins and damaged organelles. The complex and polarized neuronal architecture poses specific challenges for an efficient cargo recycling. In neurons, APs are preferentially formed at synaptic terminals, and are transported to the cell soma, where they fuse to lysosomes for degradation. Here, we review the physiological role of autophagy in neurons and discuss recent experimental evidence linking neurodevelopmental disorders with epilepsy to genes of the autophagy/lysosomal systems (Table 1).

TABLE 1. List autophagy/lysosomal genes involved in neurodevelopmental disorders with epilepsy.
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AUTOPHAGY AND NEURODEGENERATION

The central nervous system (CNS) requires autophagy to maintain its homeostasis. Since the ubiquitous deletion of core autophagy genes is lethal at the embryonic or perinatal stages, several nervous system-specific knockout mouse models have been developed to explore the roles of autophagy in CNS. Removal of Atg5 and Atg7 in neuronal precursor cells (NPCs) leads to the accumulation of cytoplasmic inclusion bodies, with neurodegeneration and progressive motor deficits, further pointing to autophagy as a key quality control system in neurons over their lifespan (Hara et al., 2006; Komatsu et al., 2006). In subsequent models, generated by targeting distinct genes of the core autophagic pathway (Fimia et al., 2007; Liang et al., 2010; Joo et al., 2016), similarly reduced survival and early-onset, progressive neurodegeneration occurred, although the underlying pathophysiological basis varied according to the specific gene targeted. Altogether these models emphasize autophagy as a major cellular process protecting against neurodegeneration, in line with the evidence that in human defective autophagy underlies the accumulation of protein aggregates in several neurodegenerative disorders (Rubinsztein et al., 2005; Kiriyama and Nochi, 2015).



AUTOPHAGY AND NEUROGENESIS

Balanced differentiation, proliferation, and cell death rates in the developing brain are essential for neurogenesis. The autophagy machinery interacts with developmental signals involved in cell fate decisions, including Wnt, Sonic hedgehog, TGFB, and FGF (Kiyono et al., 2009; Gao et al., 2010; Jimenez-Sanchez et al., 2012; Zhang et al., 2012). Studies in animal models have disclosed the pivotal role of autophagy in neuronal proliferation and in sustaining the post-natal pool of NPCs. Loss of Ambra1, a Beclin1 activator, resulted in severe defects of the neural tube development, ubiquitinated protein accumulation, unbalanced cell proliferation, and excessive apoptosis, as a consequence of autophagy impairment (Fimia et al., 2007). In this model, impairment of basal autophagy induced hyperproliferation as indirect consequence of misregulated recycling of transcriptional factors (Cecconi et al., 2007; Fimia et al., 2007). Notch signaling is a master regulator of neurogenesis and neuronal development (Bray, 2006; Ables et al., 2011). Autophagy regulates Notch degradation and defects in the autophagy machinery impact on NPC fate (Wu et al., 2016). Impairing AP formation by in utero knockdown of Atg5 harms β-Catenin stability, thus, leading to inhibited differentiation and increased proliferation of NPCs in the developing cortex (Lv et al., 2015). These in vivo findings suggest that a multi-level interaction between autophagy, cell proliferation, and cell death occurs during mammalian neural development. As reviewed elsewhere, an important role for autophagy in adult neurogenesis has also emerged (Dhaliwal et al., 2017; Menzies et al., 2017).



AUTOPHAGY AND NEURONAL POLARITY

Neurons have a uniquely polarized morphology characterized by extended and highly elaborated axonal and dendritic arborizations, and neuronal homeostasis is critical for establishment and maintenance of their polarized structures (Lee et al., 2013; Maday, 2016). From the earlier phases of neurodevelopment, a highly efficient autophagy is required to allow membrane trafficking events, axonal guidance, and establishment of brain connectivity (Dragich et al., 2016). Axonal APs undergo robust retrograde motility toward the soma, driven by the active motor dynein. Moreover, mutations in autophagy genes cause pathological processes associated with long-range white matter defects.

While autophagy in axonal development and homeostasis has been extensively studied, recent findings have also pointed out the key role of autophagy in ciliogenesis. In neurons, cilia are involved in cortical patterning, neurogenesis, neuronal maturation, and cerebellar development (Lee and Gleeson, 2010). The autophagy impairment due to somatic-activating mutations in MTOR leads to abnormal accumulation of the OFD1 protein at centriolar satellites and disruption of neuronal ciliogenesis. Impaired ciliogenesis abrogates Wnt signaling, which is required for neuronal polarization, and underlies cortical dyslamination reported in patients (Park et al., 2018).



AUTOPHAGY AND SYNAPTIC FUNCTION

Autophagy not only regulates early neuronal development but also plays specific, multiple, and largely unexplored roles at synapses. As recently reviewed, dysfunctional autophagy at both pre- and post-synaptic sites leads to aging and neurodegeneration (Nikoletopoulou et al., 2015; Vijayan and Verstreken, 2017; Azarnia Tehran et al., 2018; Liang and Sigrist, 2018). Degradation of postsynaptic neurotransmitter receptors involves trafficking in autophagosomal structures (Rowland, 2006; Shehata et al., 2012, 2018; Hui et al., 2019). At dopaminergic presynaptic sites, autophagy shapes synapse ultrastructure and modulates neurotransmitter release, while at glutamatergic synapses mTOR-regulated autophagy promotes spine pruning during development (Hernandez et al., 2012; Tang et al., 2014). The presynaptic proteins endophilin and its partner synaptojanin, known to regulate synaptic vesicle (SV) endocytosis and recycling, turned out to positively regulate synaptic autophagy, suggesting a functional link between SV cycling and autophagy. Endophilin induces the membrane curvature that recruits Atg3 and Atg8 to initiate synaptic AP generation (Murdoch et al., 2016; Soukup et al., 2016). Synaptojanin promotes synaptic autophagy by removing Atg18 from preautophagosomal structures necessary for AP maturation (George et al., 2014; Vanhauwaert et al., 2017). Conversely, the active zone protein Bassoon has been proposed to inhibit autophagy (Okerlund et al., 2017). At presynaptic sites, a role for autophagy in the degradation of SV proteins has been suggested, and the small GTPase Rab26 was reported to cluster SVs and direct them to preautophagosomal structures for degradation (Binotti et al., 2015; Lüningschrör et al., 2017). In addition, endosomal microautophagy, a chaperone-mediated form of autophagy, which directly targets proteins to the endo-lysosomal system, has been described to degrade misfolded synaptic proteins and regulate neurotransmission at the Drosophila neuromuscular junction (Uytterhoeven et al., 2015). The biogenesis of APs occurs in nerve terminals (Katsumata et al., 2010; Shehata et al., 2012), and synaptic APs retrogradely transport endocytosed elements to the neuronal soma for signaling (Wang et al., 2015). Whether SV cycling and synaptic autophagy are reciprocally regulated and how they crosstalk with somatic autophagy is a matter of investigation. In a recent article, selective induction of autophagy at the presynaptic site has been shown to specifically target damaged proteins, thus maintaining synapse integrity and function (Hoffmann et al., 2019). The discovery that neuronal autophagy and formation of APs at synapses are activity dependent (Shehata et al., 2018) suggests that synaptic autophagy may be regulated by long-term synaptic plasticity underlying learning and memory formation. However, whether autophagy stimulates or suppresses memory processes and its relationship with nutrient signaling pathways is still controversial. Fasting has been shown to induce autophagy in the hypothalamus, but to inhibit it in the hippocampus and cerebral cortex, where memory formation and consolidation occur. BDNF-mediated suppression of autophagy is required for the growth factor effects on synaptic plasticity and memory enhancement both in vitro and in vivo (Nikoletopoulou et al., 2017). Glatigny and coworkers recently showed that, in hippocampal neurons, autophagy is induced by synaptic plasticity paradigms and necessary for novel memory formation (Glatigny et al., 2019). These recent data suggest that autophagy is involved in the regulation of synaptic strength and that its dysregulation may impact on the plasticity of the network and on the excitation/inhibition balance.



AUTOPHAGY AND NEURODEVELOPMENTAL DISORDER WITH EPILEPSY

In the last decade, several single-gene disorders of the autophagy pathway—defined as “congenital disorders of autophagy”—have been identified through next-generation sequencing. Genetic defects affect a range of functional steps from early phases of autophagy induction to autolysosome formation. The associated disorders, which are clinically heterogeneous, mainly affect the central and peripheral nervous systems, but often cause multi-systemic involvement (Ebrahimi-Fakhari et al., 2016). Structural brain abnormalities, developmental delay, intellectual disability, severe epilepsy, and progressive impairment in relation to neurodegeneration are common features of this class of disorders. Members of the autophagy process involved in neurodevelopmental disorders with epilepsy are highlighted in Figure 1 and discussed below.

A direct link between autophagy and epileptogenesis was first supported by studies showing that rapamycin, an inhibitor of the mTOR pathway and a powerful autophagy inducer, strongly modulates seizures in several models (Giorgi et al., 2015). Germline and somatic mutations in genes of the mTOR pathway have been identified in patients with various epileptic disorders (Parrini et al., 2016), and a direct contribution of defective autophagy has been confirmed (Yasin et al., 2013; Park et al., 2018). Hypofunctional mutations in TSC1 or TSC2 in tuberous sclerosis result in the uncontrolled activation of the mTORC1 pathway (Lipton and Sahin, 2014) and subsequent inhibition of autophagy directly linked to epileptogenesis in a forebrain-specific conditional TSC1 mouse model (McMahon et al., 2012).

Mutations in TBCK cause a neurodevelopmental syndrome with intellectual disability, coarse face, congenital hypotonia, leukoencephalopathy, progressive motor neuronopathy, and seizures (Bhoj et al., 2016; Chong et al., 2016; Ortiz-González et al., 2018). As suggested by bioinformatic analysis, TBCK encodes a putative Rab GTPase-activating protein, although its function remains elusive. Loss-of-function mutations in TBCK lead to inhibition of mTORC1 and, thus, to uncontrolled autophagy induction in patient-derived fibroblasts (Bhoj et al., 2016; Ortiz-González et al., 2018). In this model, loss of TBCK results in increased number of APs accompanied by an augmented autophagic flux insensitive to pro-autophagic stimuli (Ortiz-González et al., 2018). Glycosylated proteins were not properly degraded in TBCK patients’ fibroblasts, and storage of lipofuscin was observed in patient’s neurons (Beck-Wödl et al., 2018; Ortiz-González et al., 2018), suggesting that dysregulated autophagy leads to a storage disease phenotype (Teinert et al., 2020).

The signaling pathway adapting the autophagic response to nutrients and energy levels focuses on the phosphorylation of the ULK1 complex, a process which controls the recruitment of the VPS34/VPS15/Ambra1/Beclin1 complex to the phagophore and the formation of PI3P and downstream autophagy effectors through the binding of WD-repeat phosphoinositide-interacting (WIPI) proteins (Menzies et al., 2017; Figure 1). Gstrein et al. (2018) identified a recessive homozygous mutation in VSP15 (L1224R) in a single patient with severe cortical atrophy and dysplasia, optic nerve atrophy, intellectual disability, spasticity, ataxia, muscle wasting, and seizures. The L1224R mutation leads to an accumulation of autophagy substrates in patient’s fibroblasts. In the same study, a forebrain-specific conditional Vps15 mouse model was developed revealing that loss of Vps15 resulted in severe cortical atrophy accompanied by autophagic impairment and progressive degeneration of the hippocampus and cortex (Gstrein et al., 2018).

Mutations in X-linked gene WDR45, encoding WIPI4, cause beta-propeller protein-associated neurodegeneration (BPAN; Haack et al., 2012; Saitsu et al., 2013). BPAN is a variant of neurodegeneration with brain iron accumulation spectrum (Hayflick et al., 2018) and is characterized by a bi-phasic development. After an initial epileptic encephalopathy in the childhood, progressive neurodegeneration and Parkinsonism develop in adulthood (Carvill et al., 2018). Studies in WDR45 patients’ fibroblasts and neurons derived from their reprogramming showed that loss of WDR45 leads to higher levels of cell iron and oxidative stress, accompanied by mitochondrial abnormalities, autophagic impairment, and dysfunctional lysosomes (Seibler et al., 2018). In mice, deletion of Wdr45 in the brain results in axonal pathology and accumulation of autophagy substrates in neurons (Zhao et al., 2015).

Biallelic EPG5 mutations in the Vici syndrome, together with recessive SNX14 variants in cerebellar ataxia and intellectual disability syndrome, affect the late stages of autophagy. Vici syndrome is a severe progressive neurodevelopmental multisystem disorder featuring agenesis of the corpus callosum, bilateral cataracts, hypertrophic and/or dilated cardiomyopathy, combined immunodeficiency, and hypopigmentation (Dionisi Vici et al., 1988; Byrne et al., 2016; Ebrahimi-Fakhari et al., 2016). Profound developmental delay, progressive microcephaly, and failure to thrive are common features and suggest a neurodegenerative component following the prominent neurodevelopmental defect. Two-thirds of patients develop seizures, often evolving as epileptic encephalopathy (Byrne et al., 2016). The EPG5 protein acts as a tethering factor that determines the fusion specificity of APs with late endosomes/lysosomes (Wang et al., 2016), and in vivo loss of EPG5 results in block of the autophagic pathway, progressive motor deficit, and neurodegeneration (Zhao et al., 2013). Bi-allelic mutations in SNX14 are the cause of autosomal-recessive childhood-onset spinocerebellar ataxia 20 (Thomas et al., 2014; Akizu et al., 2015). Patients showed progressive cerebellar neurodegeneration, developmental delay, intellectual disability, and seizures (Akizu et al., 2015). SNX14 encodes a protein, of the sorting nexin family and binds lysosomal membrane phosphatidylinositol residues, that is enriched in AP-containing cell fraction where it mediates lysosome–AP fusion (Mas et al., 2014). In SNX14 patient-derived neurons, lysosomal enlargement and autophagic dysfunction were reported. This phenotype was also observed in the Snx14-zebrafish model, where it leads to progressive Purkinje cell degeneration, suggesting that impaired autophagy finally results in neuronal cell death (Akizu et al., 2015). In cultured mouse neurons, loss of Snx14 decreases intrinsic excitability and impairs both excitatory and inhibitory synaptic transmission (Huang et al., 2014).

The vacuole H+-adenosine triphosphatases (v-ATPase) is a proton pump responsible for acidification of intracellular organelles and secretory granules that regulates several cellular processes such as protein trafficking, maturation, and degradation (Forgac, 2007). Acidification of lysosomes by v-ATPase is essential for autophagy progression, and inhibiting v-ATPase activity is a widely used treatment to mimic a block of autophagy. In neurons, v-ATPase is expressed by SVs and allows neurotransmitter loading and SV trafficking (Bodzęta et al., 2017). V-ATPase is a multimeric complex composed by a cytosolic domain (v1), responsible for ATP hydrolysis, and a transmembrane domain (v0), responsible for H+ transport. Recessive mutations in ATP6V1A, coding for the “A” subunit of the v1 sub-complex, have been first described in patients with cutis laxa, dysmorphic features, and seizures in the context of a severe condition with premature lethality (Van Damme et al., 2017). Subsequently, we described de novo heterozygous mutations in ATP6V1A in four patients with developmental delay and epilepsy with variable of severity, ranging from mild intellectual disability and epilepsy to early-onset epileptic encephalopathies accompanied by myelination defects and brain atrophy. Pathogenic mutations affect lysosomal homeostasis in patients’ cells and impair neurite development and synaptic contacts when expressed in murine neurons. The mutations associated with the severe phenotype result in loss of function and autophagy impairment (Fassio et al., 2018). On the contrary, covalent targeting of ATP6V1A has been recently shown to activate autophagy by increasing v-ATPase catalytic activity and inhibiting mTORC1 activation (Chung et al., 2019).

A de novo deletion variant of the v-ATPase accessory protein ATP6AP2 has been found in a patient with neurodevelopmental disorder characterized by fulminant degeneration (Hirose et al., 2019). This patient exhibited mild facial dysmorphisms, early-onset intractable seizures, and spasticity. Sequential MRI scans documented progressive brain shrinkage with thin corpus callosum and hypomyelination. The authors, by employing both patient’s iPSC-derived neural cells and murine knockdown models, demonstrated that ATP6AP2 is a key regulator of v-ATPase function in the CNS, and that its loss results in lysosomal and autophagic defects. In these models, the loss of ATP6AP2 impairs stem cell self-renewal and neuronal survival with a strong dependence on the dosage of the transcripts.

In addition to ATP6AP2, v-ATPase assembly and activity relies on several parameters, including kinase activity, nutrient and stress levels, extra- and intra-cellular pH, and accessory proteins that interact with v0 and v1 components (McGuire et al., 2017). We recently demonstrated that DMXL2, a member of WD40 protein family known to regulate v-ATPase trafficking and activity (Yan et al., 2009; Einhorn et al., 2012; Tuttle et al., 2014), is mutated in children with severe developmental and epileptic encephalopathy, associating Ohtahara syndrome, and profound developmental delay with a progressive course leading to premature mortality. MRI scans in these patients showed thin corpus callosum, hypomyelination, and progressive brain shrinkage. Loss of DMXL2 protein in patients’ fibroblasts results in impaired autophagy, and modeling DMXL2 loss in murine neurons recapitulates defective autophagy and affects neurite development and synaptic connectivity (Esposito et al., 2019). While the complete loss of Dmxl2 is embryonically lethal in mice (Tata et al., 2014; Gobé et al., 2019), heterozygous Dmxl2 mice show macrocephaly and corpus callosum dysplasia, confirming the DMXL2 role in brain development (Kannan et al., 2017).

Altogether, these pieces of evidence support a primary role of autophagy dysregulation in epileptogenesis and suggest that severity of the clinical manifestations variably evolving in a neurodegenerative disorder might depend on different timing and specificity of molecular events underlying epilepsy and neurodegeneration. Defects altering early stages of neuronal development and, therefore, synaptic activity could underlie pro-epileptogenic changes in neuronal circuitries followed by progressive accumulation of autophagy substrates and consequent neuronal stress and degeneration. Our hypothesis is that the spectrum of phenotypes and clinical severities of the epileptic syndromes associated with mutations of autophagy genes primarily derive from an initial synaptic dysfunction, with structural and functional synaptic alterations that, depending on gene dosage and/or severity of the pathogenic mutations, may turn into neuronal damage with degeneration and death. Future work on disease murine models and/or patient-derived neurons needs to be performed to unravel the cellular and molecular mechanisms linking autophagy failure to brain hyperexcitability, seizures, and fulminant neurodegeneration and to evaluate the ability of autophagy inducers as novel therapeutic strategies for these intractable disorders.
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Granule cell dispersion (GCD) is a common pathological feature observed in the hippocampus of patients with Mesial Temporal Lobe Epilepsy (MTLE). Pathomechanisms underlying GCD remain to be elucidated, but one hypothesis proposes aberrant reactivation of neurodevelopmental migratory pathways, possibly triggered by febrile seizures. This study aims to compare the proteomes of basal and dispersed granule cells in the hippocampus of eight MTLE patients with GCD to identify proteins that may mediate GCD in MTLE. Quantitative proteomics identified 1,882 proteins, of which 29% were found in basal granule cells only, 17% in dispersed only and 54% in both samples. Bioinformatics analyses revealed upregulated proteins in dispersed samples were involved in developmental cellular migratory processes, including cytoskeletal remodeling, axon guidance and signaling by Ras homologous (Rho) family of GTPases (P < 0.01). The expression of two Rho GTPases, RhoA and Rac1, was subsequently explored in immunohistochemical and in situ hybridization studies involving eighteen MTLE cases with or without GCD, and three normal post mortem cases. In cases with GCD, most dispersed granule cells in the outer-granular and molecular layers have an elongated soma and bipolar processes, with intense RhoA immunolabeling at opposite poles of the cell soma, while most granule cells in the basal granule cell layer were devoid of RhoA. A higher percentage of cells expressing RhoA was observed in cases with GCD than without GCD (P < 0.004). In GCD cases, the percentage of cells expressing RhoA was significantly higher in the inner molecular layer than the granule cell layer (P < 0.026), supporting proteomic findings. In situ hybridization studies using probes against RHOA and RAC1 mRNAs revealed fine peri- and nuclear puncta in granule cells of all cases. The density of cells expressing RHOA mRNAs was significantly higher in the inner molecular layer of cases with GCD than without GCD (P = 0.05). In summary, our study has found limited evidence for ongoing adult neurogenesis in the hippocampus of patients with MTLE, but evidence of differential dysmaturation between dispersed and basal granule cells has been demonstrated, and elevated expression of Rho GTPases in dispersed granule cells may contribute to the pathomechanisms underpinning GCD in MTLE.
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INTRODUCTION

Temporal lobe epilepsy is the most common form of pharmacoresistant epilepsy in adults (Engel, 1998). Up to 80% of patients with a mesial form of temporal lobe epilepsy (MTLE) have structural abnormalities in the hippocampus (de Tisi et al., 2011; Blumcke et al., 2017). Over 60% of patients with MTLE and hippocampal pathologies remained seizure-free for at least a year after surgical resection of the hippocampus as treatment for their epilepsy (de Tisi et al., 2011; Engel et al., 2012; Blumcke et al., 2017), suggesting that the hippocampus is the primary site for epileptogenesis.

Hippocampal Sclerosis ILAE Type 1 (HS Type 1) is the most common pathology observed in patients with pharmacoresistant MTLE, and it is primarily characterized by segmental loss of pyramidal neurons in cornu ammonis subfields CA1, 3, and 4 (Blumcke et al., 2017). Over half of the MTLE patients with HS Type 1 also have abnormalities affecting dentate granule cells (DGCs) including granule cell dispersion (GCD) and mossy fiber sprouting (Wieser, 2004; Blümcke et al., 2009; Thom et al., 2010; Da Costa Neves et al., 2013). In the normal human hippocampus, DGCs are organized into a compact layer of up to ten cells thick or ≤120 μm (Houser, 1990; Wieser, 2004). In GCD, ectopic DGCs in clusters or rows disperse to the inner and outer molecular layers of the sclerotic hippocampus, widening the granule cell layer to up to 400 μm in thickness (Blümcke et al., 2009). The presence, severity, and extent of GCD along the hippocampal body is highly variable amongst patients with MTLE (Thom et al., 2010; Blümcke et al., 2013) and there is no confirmed grading scheme for GCD in MTLE. The exact cause of GCD in human MTLE is unknown; however, animal models of MTLE with or without hippocampal sclerosis have shown that seizures can displace the migration of newly-generated (Parent et al., 2006; Hester and Danzer, 2013) and mature DGCs to CA4 and molecular layer (Murphy and Danzer, 2011; Koyama et al., 2012; Chai et al., 2014). Reelin is an extracellular matrix glycoprotein secreted by Cajal-Retzius cells during neurodevelopment to regulate the correct layering of migrating cells (Frotscher, 1998). Low levels of reelin transcript and protein have been reported in the hippocampus of patients with MTLE (Haas et al., 2002; Haas and Frotscher, 2010) and animal models of MTLE (Heinrich et al., 2006), possibly as a consequence of elevated methylation at the promotor region of RELN (Kobow et al., 2009) or loss of reelin-synthesizing neurons in hippocampus (Haas et al., 2002; Orcinha et al., 2016). The loss of reelin in MTLE is believed to lead to the “over-running” of DGCs into the molecular layer. Past studies have shown that pharmacological inhibition of mammalian target of rapamycin (mTOR) pathway can prevent the development of the mossy fiber sprouting (Buckmaster et al., 2009) and reduce the severity of GCD in animal models of MTLE (Lee et al., 2018), suggesting that the mTOR pathway may have a role in the pathomechanisms of these abnormalities. In patients with MTLE, most astroglial cells strongly expressed markers of mTOR signaling activation such as phospho-S6 ribosomal protein in the sclerotic hippocampus, whereas DGCs showed minimal immunohistochemical evidence of mTOR activation (Sha et al., 2012; Sosunov et al., 2012; Liu et al., 2014). Clinicopathological studies reported that the presence of GCD in patients with MTLE was associated with a history of early onset of epilepsy and febrile seizures (<4 years) and longer duration of epilepsy (Lurton et al., 1998; Blümcke et al., 2009) suggesting that GCD may be a consequence of seizures or brain trauma acquired during the first decade of life where dentate neurogenesis is still active. Although it is unclear whether the presence of GCD is associated with positive surgical outcomes for patients with pharmacoresistant MTLE based on existing literature (Blümcke et al., 2009; Thom et al., 2010; Da Costa Neves et al., 2013), there is supportive evidence from animal studies to show that ectopic DGCs increase hippocampal excitability by having a lower activation threshold, forming excess dendritic axonal connections and receiving more excitatory and fewer inhibitory synaptic inputs than normal cells (Zhan et al., 2010; Murphy and Danzer, 2011; Althaus et al., 2019). In patients with MTLE, GCD is often observed in conjunction with mossy fiber sprouting, where mossy fibers of DGCs form excitatory synaptic contact with apical dendrites and spines of neighboring DGCs in the molecular layer (Sutula et al., 1989; Cavazos et al., 2003), thus potentially creating an internal, pro-epileptogenic circuit.

DGCs are functionally important for cognition and memory since they filter the main inputs into the hippocampus, and propagate signals by innervating pyramidal neurons in CA subfields. Electrophysiological in vivo animal studies have demonstrated that DGCs normally have low-excitability, and only a small, spatially-defined population of DGCs would fire to allow the execution of fine and spatially-complex activities such as pattern separation, novelty detection and spatial discrimination (Kahn et al., 2019). Stimulated DGCs release vesicles containing glutamate to activate the population firing of interconnected CA3 pyramidal cells (Miles and Wong, 1983; Scharfman and MacLusky, 2014). Consequently, many stimulated DGCs would enhance hippocampal excitability, thus increasing the chances of seizures (Overstreet-Wadiche et al., 2006; Hester and Danzer, 2013), and reducing the ability to perform fine, spatial discrimination tasks (Kahn et al., 2019). Silencing DGCs using ontogenetic manipulation can reduce seizure frequency and reverse cognitive impairments in animal models of MTLE (Krook-Magnuson et al., 2015).

In view of the important role DGCs play in cognition and promoting hyperexcitability, it is important to understand mechanisms and substrates driving abnormal displacement of DGCs in patients with MTLE. The proteome of the human hippocampus has been studied in normal (Edgar et al., 1999a; Föcking et al., 2012; Koopmans et al., 2018), and diseased post mortem human brains, including in the context of schizophrenia (Edgar et al., 1999b), Alzheimer’s disease (Edgar et al., 1999b; Sultana et al., 2007; Begcevic et al., 2013; Hondius et al., 2016), and non-CNS malignancies (Yang et al., 2004a). In epilepsy, the proteomes of surgically-resected hippocampi from patients with refractory TLE (Czech et al., 2004; Yang et al., 2004b, 2006; Persike et al., 2012, 2018; Mériaux et al., 2014) or temporal cortex (Eun et al., 2004; He et al., 2006; Keren-Aviram et al., 2018) have been studied. Most of these past studies investigated the whole hippocampus rather than specific hippocampal subregions, and information about structural hippocampal pathology was not disclosed in three studies (Czech et al., 2004; Persike et al., 2012, 2018). None of the previous human proteomic studies discussed GCD in their samples. We aimed to investigate the proteomes of DGCs located in the basal and dispersed regions of the granule and molecular layers of patients with HS Type 1 and GCD, and to identify the molecular substrates that mediate GCD. Ectopic DGCs are potential substrates for recurrent excitation, and they may be the key to understanding MTLE with hippocampal sclerosis and GCD, and its comorbidities including cognitive and memory impairments.



MATERIALS AND METHODS


Cases

Patients with refractory MTLE who had undergone surgical resection of the hippocampus as a treatment for their epilepsy between 2005 and 2016 were identified from the records of UCL Epilepsy Society Brain and Tissue Bank (Table 1). All patients provided written informed consent for the use of tissue in research studies in accordance with the Declaration of Helsinki, and the study has obtained ethical approval. Eight cases with age at surgery ranged from 20 to 60 years were submitted to proteomic analysis. All cases had HS Type 1 with marked GCD pathology as confirmed by an experienced neuropathologist.

TABLE 1. Clinical details of cases studied.
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At the initial neuropathological assessment, two 5 mm-thick blocks from each case were coronally sampled from the middle of the hippocampus (2 cm from anterior tip) to ensure that the dentate gyrus was presented for assessment and subsequent experiments. One block of the sampled hippocampus was snap-frozen in liquid nitrogen, stored in −70 freezers and later retrieved for proteomic studies, while the other block was fixed in 10% neutral-buffered formalin, processed and embedded in paraffin wax for histological staining and immunohistochemistry.



Laser Capture Microdissection

Fourteen sections of 14 μm thickness were sectioned from each frozen hippocampal sample, and sections were collected onto polyethylene terephthalate metal frame slides for laser capture microdissection (Leica, Milton Keynes, UK). Two additional sections were collected onto a microscopic slide (VWR International, UK) and stained briefly in 0.1% toluidine blue (pH 4.5) solution for 5 s to visualize the granule cell layer. Laser capture microdissection (LCM 700; Leica, Milton Keynes, UK) was then carried out along the entire length of the GCL of multiple sections per case to capture basal and dispersed DGCs (Figure 2A). Basal samples included DGCs in the granule cell layer closest to CA4, while the dispersed samples included ectopic DGCs in the outer-granular layer and inner and outer molecular layers. A total tissue area of 9 ± 1 mm2 was dissected for each case, and submitted for proteomic analysis.


[image: image]

FIGURE 1. Hippocampal pathology observed in an Mesial Temporal Lobe Epilepsy (MTLE) patient with Hippocampal Sclerosis and Granule Cell Dispersion. (A) NeuN-positive granule cells were observed in the granule cell layer of the hippocampal dentate gyrus. The number of dentate granule cells (DGCs) remained abundant despite marked loss of pyramidal neurons in the cornu ammonis (CA) 1, 3 and 4 subfields, which are typical features of Hippocampal Sclerosis Type 1 based on classification scheme established by the task force of International League against Epilepsy (ILAE; Blümcke et al., 2013). However, the majority of the NeuN-positive DGCs appeared to scatter in rows or clusters to the outer-granular layer and molecular layer (MOL), which is consistent with granule cell dispersion pathology. NeuN-positive pyramidal neurons were still observed in the CA2 region. (B) I MAP2-positive DGCs were observed in the granule cell layer. MAP2-positive DGCs had immunopositive fibers projected towards the molecular layer, and MAP2-positive labeling appeared to be stronger in the molecular layer than in the basal granule cell layer. MAP2-positive fibers of various lengths and a small number of MAP2-positive cells were observed in the CA4 region. (C) Calbindin immunoreactivity was observed in most, but not all, dispersed and elongated DGCs in the granule and molecular layer. In contrast, small, round basal DGCs were immunonegative for calbindin. An intense blush of granular calbindin-positive labeling was also observed in the molecular layer. (D) Intense ZnT3-positive labeling was observed in the molecular layer, particularly in the inner molecular layer. This is consistent with mossy fiber sprouting pathology in MTLE. Clusters of ZnT3-positive fibers were observed predominantly in the CA4 region. (E) The dense matrix of GFAP-positive fibers was observed in all CA regions. GFAP-positive radially-directed fibers extended between DGCs in the granule cell layer, and GFAP-positive cells were visible in the molecular layer. (F–J) Images showing the immunoreactivities of NeuN, MAP2, calbindin, ZnT3, and GFAP in the hippocampus of an MTLE patient with no remarkable hippocampal pathologies. Scale bars in (A) left 500 μm, and (A) right 50 μm.
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FIGURE 2. Bioinformatics analyses. (A) An image of a toluidine-stained hippocampal tissue section showing marked granule cell dispersion pathology (top). DGCs were extracted from frozen hippocampal tissue sections during laser microdissection. Extracted DGCs (including nuclei and ~10 μm-perinuclear rim as cytoplasm) were divided into either basal or dispersed samples per case based on their location within the dentate gyrus. Basal samples contained DGCs located in the basal layer of the granule cell layer (black outline). These round DGCs were closely situated to neighboring DGCs, and they were aligned along the border of CA4 and granule cell layer. Dispersed samples contained a mixture of round and elongated DGCs located ectopically, in rows or clusters in the outer-granular, inner and outer molecular layers (green outline). Individual, small, round nuclei scattered in the dentate gyrus, sometimes in close proximity to DGCs, were likely to glial cells, and therefore these cells were avoided where possible. (B) Finding from proteomic studies show that more than 50% of the identified proteins were shared between basal and dispersed samples and between younger (<35 years) and older cohorts (<50 years). Less than one-third of the identified proteins were uniquely detected in basal, dispersed, younger and older samples. (C) A dendrogram showing hierarchical clustering of all differentially expressed proteins in eight MTLE cases with GCD. The pattern of protein changes between dispersed and basal samples was more similar between cases E1 and E2 (younger cohort) and E5, E6, and E8 (older cohort). (D) Heat map showing logarithmic-2 fold change between dispersed and basal samples (D/B), or younger and older cohorts (Y/O) of selected proteins expressed in neuronal (MAP2, calbindin, calretinin), glial (GFAP, S100-B, MBP, connexion 43), vascular (VEGFR), immature cell (vimentin) and proliferative populations (MCM2, MCM4, PCNA, cyclin B3), or are proteins associated with cytoskeletal (profiling-1, alpha-synuclein, f-actin capping protein, DPYL2, stathmin) and synapse remodeling (synaptotagmin-1, synapsin-2), mTOR pathway (PS6, PS6 kinase), neurogenic niches (NCAM1, CADM2), vascular changes (carbonic anhydrase 1, hemoglobin) and inflammation (C1QBP, HSP70). Keys: * or ∧ significantly overexpressed proteins (P < 0.05), **proteins found in dispersed samples of GCD cases only, ***proteins found in basal samples of GCD cases only, ∧∧proteins only found in younger cohort only, ∧∧∧proteins found in older cohort only. Abbreviations: C1QBP, complement component 1Q subcomponent-binding protein; DPYL2, dihydropyrimidinase-related protein 2; GFAP, glial fibrillary acidic protein; HSP70, heat shock proteins; MAP2, microtubule-associated protein 2; MBP myelin binding protein; MCM2, minichromosomal maintenance 2; NCAM1, neural cell adhesion molecule 1; PCNA, proliferating cell nuclear antigen; PS6 ribosomal protein S6; VEGFR vascular endothelial growth factor receptors. (E,H) Volcano plots showing logarithmic-2 fold change against –log P-value for proteins that were expressed in both dispersed and basal samples (E) or in both younger and older cohorts (H). Significantly differentially expressed proteins that showed over the 1.5-fold change were highlighted in the plots (P < 0.05). (F,G) The abundance of each protein was compared between basal and dispersed samples, and between younger and older cohorts. Proteins that were uniquely expressed in one group only, and proteins that were significantly expressed by 1.5-fold than comparative group (fold change >1.5, P < 0.05) generated the Dispersed, Basal, Younger and Older clusters. Each cluster was submitted to bioinformatics platforms for Gene Ontology and Pathways analyses. Top functional annotation clusters based on Gene Ontology, Uniprot keywords, and sequences and INTERPRO terms for proteins in the Dispersed (F) and Basal clusters (G) were listed (P < 0.01; also refer to Supplementary Material S3). The enrichment scores generated by bioinformatics platforms and the percentage of proteins submitted that were associated with each functional annotation cluster are illustrated. Network maps show the connections between proteins in small GTPase mediated signal transduction (F) and ribosomes annotation clusters (G). (I,J) Proteins in the Dispersed and Basal clusters were significantly involved in a number of pathways (P < 0.01; also refer to Supplementary Material S4). The size of the circle represents the number of proteins submitted that were involved in the pathways. The thickness of connections refers to the number of proteins that belongs to both connecting pathways.





Proteomic and Bioinformatics Analyses

Samples were denatured using in-solution trypsin digestion and prepared for MSe label-free quantitative proteomics as described previously (Heywood et al., 2013; Manwaring et al., 2013; Liu et al., 2016). Data were processed using ProteinLynx GlobalServer version 2.5. Protein identifications were obtained by searching the UniProt reference human proteomes with the sequence of porcine trypsin (P00761) added. Protein identification from the low/high collision spectra for each sample was processed using a hierarchical approach where more than three fragment ions per peptide, seven fragment ions per protein, and more than two peptides per protein had to be matched. Peptide identification was accepted if they could be established at 95% or greater probability. Statistical analyses of group means were performed using t-test in SPSS (v25; IBM, USA) to identify significantly differentially expressed proteins between dispersed and basal samples, or younger and older cohorts (P < 0.05). The younger cohort consisted of four cases with an age at surgery ranging from 20 to 34 years, and the older cohort included four cases with an age at surgery ranging from 51 to 60 years. For volcano plots, fold change between groups was transformed using base 2 logarithmic transformations and plotted against the negative logarithmic transformation of P-value. List of differentially expressed proteins in Basal, Dispersed, Younger and Older clusters included proteins found only in the respective samples, and proteins that were significantly different between comparison group (fold change >1.5, P < 0.05). Enriched lists were analyzed using bioinformatics resources, Database for Annotation, Visualization and Integrated Discovery (DAVID; version 6.8; Huang da et al., 2009a,b) and Enrichr (Chen et al., 2013; Kuleshov et al., 2016), to obtain information regarding biological, cellular and molecular functions of proteins. Interactions between proteins were investigated using STRING analysis1, and proteins in functional pathways were explored in established pathway databases, Kyoto Encyclopaedia of Genes and Genomes (KEGG), Reactome, and Wikipathways. P-values and adjusted P-values (corrected according to Bonferroni’s method and false discovery rate) were calculated by bioinformatics resources. For gene ontology annotation and enriched pathway analyses, the stringency of the criteria was set to high, and P-value cut-off was set at 0.01 and only pathways with four proteins of interests or more were presented. The dendrogram was constructed using Morpheus (Broad Institute2) and included hierarchical clustering based on Pearson correlation coefficient, and average linkage clustering (Meunier et al., 2007).

Other clinical details, including patients’ epilepsy history and psychometry, were also reviewed and analyzed with proteomic data. Pre-operative MRI sequences, PET, EEG, video-telemetry, and psychometry had been carried out according to the epilepsy surgical protocols at the National Hospital of Neurology and Neurosurgery, and clinical findings were reviewed for each case.



Immunohistochemistry

Eighteen cases were included in RhoA, Rac1, and Cdc42 immunohistochemistry and/or in situ hybridization studies. Cases included eight MTLE cases submitted for proteomics, an additional six surgical MTLE with hippocampal sclerosis and GCD, four surgical MTLE with hippocampal sclerosis but no GCD, and three postmortem healthy controls (Table 1).

Five micrometer-thick formalin-fixed, paraffin-embedded sections from selected cases were examined histologically with Haematoxylin and Eosin, and Luxol Fast Blue stains. Routine automated and manual immunochemistry was performed using antibodies against neuronal nuclei (NeuN), glial fibrillary acidic protein (GFAP), non/phosphorylated neurofilament (SMI32, SMI31), myelin basic protein (SMI94), microtubule associated protein 2 (MAP2), zinc transporter 3 (ZnT3) calbindin, nestin (Table 2). Additional immunohistochemistry using anti-RhoA was performed manually using pretreatment and incubation procedures described in Table 2, and breast carcinoma tissue was used as a positive control (Ma et al., 2010). Negative controls where primary antibodies were omitted showed no specific labeling. A number of commercially-available antibodies against RhoA, RhoB and Cdc42 (Santa Cruz Biotechnology, Germany), RhoC and pan-Rac1 (Cell Signalling Biotechnology, UK) were also tested using formalin-fixed, paraffin-embedded human brain tissue, but no specific immunolabeling was obtained after applying a number of different antigen retrieval methods. These antibodies were excluded from further immunohistochemical studies.

TABLE 2. Antibodies and protocols for RNA and immunohistochemical studies.
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In situ Hybridization

Five micrometer-thick formalin-fixed, paraffin-embedded sections from selected surgical cases were processed for in situ hybridization following supplier’s instructions (Wang et al., 2019). Probes against human RHOA, RAC1, CDC42, and RELN mRNAs were used in conjunction with ready-to-use reagents from RNAscope® 2.5 HD Reagent Brown and Duplex kits (Table 2; Bio-Techne, Abingdon, UK). Positive probe control, UBC, and negative probe control, dapB transcripts, were performed on Hela cell tissue (positive tissue control) and formalin-fixed, paraffin-embedded surgical human brain tissue to ensure specificity of labeling prior to final studies. Labeled sections were counterstained with Gills I hematoxylin solution (VWR, UK) before coverslipped.



Image Analysis

Labeled sections were assessed qualitatively using a brightfield microscope (Nikon Eclipse 80i) and subsequently scanned at 40x magnification using the whole slide scanner, AxioScan.Z1 (Zeiss, Germany) to obtain high-quality digital images for quantitative analysis and data interpretation. All images were viewed and analyzed using the image analysis software, QuPath (Bankhead et al., 2017). Criteria for GCD: at present, there are no strict criteria to evaluate GCD, or to identify the boundaries amongst the granule cell layer and inner and outer molecular layers. In this study, the extent of GCD in each case was assessed by measuring the thickness of the granule cell layer along with the external and internal limbs on hematoxylin and eosin-stained, whole-slide images at 2.8x magnification. The curved region joining the internal and external limbs of GCL was not included. An average of 19 ± 2 measurements (mean ± SEM) with a mean interval of 400 ± 3 μm were made along the entire length of GCL in each case. Each line measurement was taken from the basal granule cell layer closest to CA4 to the furthest dispersed DGCs in the outer molecular layer. The length of each line was then divided into three groups: ≤120 μm (no GCD, DGCs within granule cell layer as previously reported in Blümcke et al., 2009), between 121 and 215 μm (moderate GCD, scattered DGCs in the inner molecular layer) and ≥216 μm (severe GCD, scattered, clusters or rows of DGCs in the outer molecular layer). The threshold of 215 μm was taken from the longest line measurement to the most dispersed cell minus 120 μm (granule cell layer) to get the thickness of the molecular layer and then divided by two to derive a mid-point to divide the inner and outer molecular layer (Supplementary Material S1). The frequency of lines in each measurement group was used to categorize the extent of GCD in each case.

Automated quantification of RhoA immunopositive labeling, and RhoA and Rac1-positive puncta from in situ hybridization studies were performed using QuPath. First, granule cell layer, inner and outer molecular layers spanning 120, 215 and 310 μm from the basal granule cell layer were annotated. The software was then trained to recognize hematoxylin-stained nuclei, positive labeled cells and puncta using positive cell and subcellular detection modules (Bankhead et al., 2017). The number of cells with RhoA-positive labeling and RhoA/Rac1-positive puncta per μm2, and the percentage of cells detected with RhoA immunolabeling and RhoA/Rac1-positive puncta were recorded and compared between MTLE cases with or without GCD, three dentate regions and younger or older cohorts using non-parametric Mann–Whiney or Kruskal–Wallis tests in SPSS (IBM, USA; P < 0.05). Spearman correlations were performed to examine the relationship between quantitative measures and thickness of granule cell layer, age of onset or age at surgery (P < 0.01).




RESULTS


Granule Cell Pathology Observed in Cases Submitted for Proteomics

In MTLE cases with GCD, a thick band of NeuN-positive cells was observed in the dentate granule cell layer (Figure 1A). Two morphologies of NeuN-positive DGCs were noted: the basal population of DGCs located closer to CA4 was round and tightly packed with neighboring DGCs (basal DGCs), and a dispersed population of NeuN-positive DGCs with round or elongated soma with uni- or bipolar processes located in outer-granular and molecular layers of the hippocampus (dispersed DGCs). In the case of E6, the bilamination of the granule cell layer was observed, and a gap of approximately 130 μm measured from the bottom of the basal layer to the top of the dispersed layer was noted. No marked difference in NeuN-positive immunolabeling was noted between younger and older cohorts. In contrast, the granule cell layer in the hippocampus of four MTLE cases with no GCD (Figure 1F) and healthy post mortem controls contained round, tightly packed NeuN-positive cells, and no immunopositive cells were observed in the molecular layer. Quantitative measures of granule cell layer revealed a significantly thicker granule cell layer in MTLE cases with GCD than cases without GCD or healthy controls (P = 0.004; mean ± SEM, range; cases with GCD 133 ± 11 μm, 71–213 μm; cases without GCD 64 ± 10 μm, 34–82 μm; healthy controls; 70 ± 4 μm, 63–76 μm).

MAP2-positive cells were observed in the granule cell layer of all MTLE cases (Figures 1B,G). Numerous MAP2-positive processes were observed in the granule and molecular layers. Random short MAP2-positive processes were observed in the CA4 around a few large densely-labeled MAP2-positive cells. Calbindin-positive cells expression was observed in DGCs scattered throughout the outer-granule cell layer and molecular layer of MTLE cases with GCD (Figure 1C). In cases with GCD, calbindin-positive dispersed DGCs had round cell bodies, and occasionally, calbindin-positive cells with long processes extending into the molecular layer were noted. Not all DGCs in the outer-granular layer were calbindin-positive, and the majority of basal DGCs in the sclerotic hippocampus were devoid of calbindin immunolabeling. In contrast, calbindin-positive DGCs were often observed in the granule cell layer of cases without GCD (Figure 1H). ZnT3-positive processes were observed in between DGCs in the granule cell layer and in the molecular layer and CA4 subfield of cases with GCD (Figure 1D). In cases without GCD, ZnT3 immunolabeling was primarily observed in CA4 (Figure 1I). GFAP immunolabeling was observed throughout the hippocampus of all cases, with more intense labeling detected in MTLE cases with GCD (Figure 1E) compared to cases without hippocampal sclerosis or GCD (Figure 1J), and healthy controls. DGCs in the granule cell layer were not immunopositive for GFAP, but GFAP-positive processes extended between DGCs in the granule cell layer, and individual GFAP-positive cells were observed in the molecular layer of cases with GCD. In cases with GCD, a very dense matrix of GFAP processes was observed in the CA4. In contrast, distinctive GFAP-positive cells were seen in the CA4 of cases without GCD (Figure 1J) and in healthy postmortem controls.



Proteomic Analysis

One-thousand eight-hundred and eighty-two proteins were identified in the proteomic analysis of eight patients with HS Type 1 and GCD (Table 1, E1–8). 29% of the extracted proteins were observed in the basal samples only, 17% in the dispersed samples only, and 54% of the proteins were observed in both samples (Figure 2B). 19% of identifiable proteins were observed in the younger cohort only, 28% in older samples only and the remaining proteins were found in both younger and older samples. Some similar changes in protein expression were observed between two cases in the younger cohort (E1 and E2), and amongst three older cases, E5, E6, E8 based on hierarchical clustering (Figure 2C).

Common neuronal markers such as MAP2, calbindin, and calretinin were detected in MTLE samples (Figure 2D). The protein abundance of MAP2, calretinin, and calbindin was significantly higher in dispersed and younger samples than basal and older samples. The quantity of MAP2 detected was higher than calbindin and calretinin in all samples as expected based on earlier immunohistochemical studies (Figures 1B,C). Astroglial (GFAP, vimentin, S100-B) and oligodendroglial markers (Myelin Basic Protein, MBP) were also detected in all samples, consistent with immunohistochemical findings (Figure 1E). The expression of GFAP was comparable between basal and dispersed samples and was slightly higher in younger than older samples; of interest, the expression of vimentin, expressed in immature astrocytes, was predominantly observed in basal and younger samples (Figure 2D) in keeping with our previous studies (Liu et al., 2018). The expression of connexion 43, a gap junction protein expressed in astrocytes, was similar to the expression of GFAP. Common microglial-specific proteins including TREM2, LST1, HLA-DRA, SP11, MMP9 were not found in our samples, but complement component 1q subcomponent binding protein (C1QBP), a protein found to be highly expressed in microglia around site of lesion in a recent animal study (Barna et al., 2019), was found to be expressed in both dispersed and basal samples. We did not detect common markers of neural progenitors or neuroblasts including SOX2, PAX6, TBR1, TBR2, and DCX; however, a higher abundance of cell adhesion molecule 2 (CADM2), a synapse-associated protein found in subventricular neurogenic niche (Lee et al., 2012; Frese et al., 2017), as well as a number of cell cycle markers (MCM2, PCNA, Cyclin B3) were found in higher amount in the basal DGCs than dispersed DGCs in cases with GCD (Figure 2D). Neural cell adhesion molecule 1 (NCAM) was also detected in dispersed samples of cases with GCD. Together these findings suggest that apart from DGCs and astroglial cell types, minimal level of microglia and neural progenitor cells were included in our capture. A number of proteins involved in actin and cytoskeleton remodeling including profilin-1 and 2, alpha-synuclein, f-actin capping proteins, dihydropyrimidinase-related protein 2 (also known as CRMP2), and synapse proteins such as synaptotagmin-1 and synapsin-2, were identified in dispersed and younger samples at a higher level than in basal and older samples. The detection of serum albumin, carbonic anhydrase 1 and hemoglobin subunits was noted in all samples, possibly due to increased permeability of blood brain barrier in the hippocampus of patients with MTLE.

Volcano plots in Figures 2E,H highlighted the most significantly differentially-expressed proteins between dispersed and basal samples, and between younger and older cohorts respectively. Proteins uniquely expressed in dispersed samples, and proteins significantly displaying over 1.5-fold change in dispersed compared to basal samples (Figure 2E; Supplementary Material S2) were first submitted to gene ontology and pathway bioinformatics analyses (Dispersed cluster, 330 proteins). The top functional annotation clustering based on Gene Ontology, Uniprot keywords, and sequences, and INTERPRO terms were GTP-binding and activity (enrichment score, 10; P = 3.67 × 10−8), cell to cell adhesion (enrichment score, 7; P = 2.61 × 10−6), and small GTPase-mediated signal transduction (enrichment score, 7; P = 5.60 × 10−4); Figure 2F and Supplementary Material S3). Under the functional clustering of small GTPase-mediated signal transduction, a number of proteins in the Ras homolog (Rho) GTPase families such as RhoA, Rac1, Cdc42 and ARGAP1, and ARGAP35 were identified (Table 3 and Supplementary Material S5). Key pathways associated with differential proteins in the Dispersed cluster were related to cellular migration and actin cytoskeletal remodeling, including signaling by Rho GTPases pathway (R-HSA194315; P = 1.02 × 10−6), axon guidance (R-HSA422475; P = 1.25 × 10−6), regulation of actin cytoskeleton (K-HSA04810; P = 1.01 × 10−4), and vesicle-mediated transport (R-HSA5653656, P = 9.29 × 10−7; Figure 2I and Supplementary Material S4). Rho GTPases are small GTPases that regulate cytoskeletal dynamics and cell migration, which maybe of relevance to abnormal migration of DGCs in GCD. The signaling by Rho GTPases pathway shared common proteins with other pathways related to cytoskeletal dynamics as illustrated in Figure 2I. Proteins detected in basal samples only, and proteins that were significantly overexpressed in basal samples by at least 1.5-fold compared to dispersed samples (Figure 2E and Supplementary Material S2) were subsequently submitted to gene ontology and pathway enrichment analyses (Basal cluster; 555 proteins). The top functional annotation clustering included proteins involved in ribosomes, translation and RNA processing (enrichment score, 18; P = 1.79 × 10−14), cell-cell adherens (enrichment score, 10; P = 1.93 × 10−8), GTP binding (enrichment score, 9; P = 4.31 × 10−7), ubiquitin-protein ligase activity (enrichment score, 4; P = 4.926 × 10−2), and regulation of amino acid metabolic processes and proteasome activity (enrichment score, 3; P = 2.07 × 10−2; Figure 2G and Supplementary Material S3). The interactions between proteins clustered under ribosomes, translation and RNA processing are shown as a network map in Figure 2G. Pathways associated with Basal cluster were predominantly related to metabolism (R-HSA1430728, P = 2.53 × 10−26), including amino acid (WP3925, P = 234 × 10−5) and selenocysteine metabolisms (H-HSA2408557, P = 1.71 × 10−24), and electron transport chain (WP111, P = 4.73 × 10−3), and ribosomes (K-HSA03010, P = 5.00 × 10−13), translational mechanisms (R-HSA156842, P = 2.90 × 10−24), and proteasomal degradation (WP111, P = 4.73 × 10−3; Figure 2J and Supplementary Material S4).

TABLE 3. Proteins in the Dispersed cluster that were involved in signaling by the Rho GTPases pathway (Reactome, R-HSA194315; P = 4.68 × 10−9).
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Immunohistochemical and in situ Hybridization Using Markers Against Rho GTPases

Bioinformatics analyses revealed a number of proteins in the signaling by Rho GTPases pathway either uniquely expressed or upregulated in dispersed samples of MTLE cases with GCD. To further investigate the expression of Rho GTPases, immunohistochemistry and in situ hybridization using antibodies and probes against RhoA, Rac1 and Cdc42 protein and mRNAs respectively were performed on surgical, formalin-fixed, paraffin-embedded, hippocampal tissue from cases submitted to proteomics, and additional surgical MTLE cases with or without GCD. Post mortem hippocampal tissue from three healthy donors was also included for qualitative assessment.

In cases without GCD, the majority of DGCs in the granule cell layer were immunonegative for RhoA (Figures 3A,A′). In contrast, cases with GCD had numerous RhoA-immunopositive DGCs in the outer-granule and molecular layers. RhoA-immunopositive DGCs in the granule cell layer generally had a large, round nucleus surrounded by a thin, perinuclear “ring” of immunopositive labeling, or a “cone” of localized RhoA immunolabeling at one end of the cell soma, usually facing either towards the molecular layer or CA4 region (Figures 3B,3B′,3C,3C′). Occasionally, RhoA-positive cells in single-chain formation near vascular structures were observed (Figures 3C,C′). Most RhoA-positive cells in the molecular layer had an elongated cell soma with protruding uni- or bipolar processes. In a case with a bilaminar granule cell layer (E6), most DGCs in the basal granule cell layer were devoid of RhoA immunolabeling (Figure 3D), while most DGCs in the second granule cell layer had distinct RhoA immunoreactivities in one or bipolar ends of the cell soma (Figures 3D′,D″). Quantitative studies revealed a significantly higher density of RhoA-positive cells and a higher percentage of cells expressing RhoA in the granule and molecular layer of MTLE cases with GCD than without GCD (mean ± s.e.m; GCL, GCD 44 ± 3%, no GCD 23 ± 6%, P = 0.035; IML, GCD 56 ± 3%, no GCD 14 ± 3%, P = 0.001; OML GCD 27 ± 5%, no GCD 10 ± 3%, P = 0.008; Figure 3E and data in Supplementary Material S6). In cases with GCD, a higher percentage of cells expressing RhoA were detected in the inner molecular cell layer than the granule cell layer and the outer molecular layer (IML-GCL, P = 0.026; IML-OML, P = 0.003; Figure 3E). In contrast, the percentage of RhoA-positive cells detected were not significantly different between regions in cases without GCD. No significant difference in density or percentage of cells expressing RhoA was noted between younger and older cohorts. A probable relationship was observed between the percentage of cells expressing RhoA and age of surgery (rs = 0.390, P = 0.014; Figure 3F), and the mean thickness of granule cell layer (rs = 0.675, P < 0.001; Figure 3G).
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FIGURE 3. RhoA immunohistochemical studies. (A) Most DGCs were immunonegative for RhoA in the granule cell layer of an MTLE case without GCD (E5P). Occasionally, weak perinuclear RhoA-positive labeling was observed in a few DGCs (A’, higher magnification of area outlined in A). No DGCs were observed in the molecular layer of cases without GCD. (B,C) Numerous DGCs with intense RhoA immunolabeling were observed in the granule and molecular cell layer of two MTLE cases with GCD (E14, B; E3, C). In some DGCs, RhoA immunolabeling was detected in one polar end of the DGC soma directed towards the CA4 or molecular layer. A number of RhoA-positive cells in the outer-granular and molecule layer had elongated soma with uni- or bipolar processes (B’,C’). In bipolar DGCs, RhoA immunolabeling was observed at one or both apices of cell soma. Occasionally, RhoA-positive DGCs were found to align single line formation near blood vessels (C’). In contrast, most basal DGCs closest to the CA4 border had no or minimal RhoA immunolabeling. (D) Bilamination of the granule cell layer was observed in a case with MTLE and GCD E6. In this case, most DGCs in the basal granule cell layer appeared to be devoid of RhoA immunolabeling. In contrast, nearly all DGCs in the outer-granule layer (D’) and second granule cell layer expressed RhoA (D”) either in one or both ends of the cell. The majority of RhoA-positive cells in the second granule cell layer had stronger and distinct RhoA immunoreactivities at the end directed towards the molecular layer. (E) A boxplot showing that the percentage of cells with RhoA-positive labeling in the dentate gyrus of MTLE cases with GCD (blue) or without GCD (red). A significantly higher percentage of cells expressing RhoA was observed in granule and molecular layers of cases with GCD than cases without GCD (GCL, P = 0.035; IML, P = 0.001; OML, P = 0.008; see Supplementary Material S6). In cases with GCD, the percentage of cells with RhoA immunolabeling was significantly higher in the inner molecular layer than the granule cell (P = 0.026) and outer molecular layer (P = 0.003). (F,G) The percentage of cells expressing RhoA in the dentate gyrus weakly correlated with the age at surgery of MTLE patients (rs = 0.390, P = 0.014; F) and the mean thickness of granule cell layer (rs = 0.675, P < 0.001; G). Abbreviations: DG, dentate gyrus; GCL, granule cell layer; IML, inner molecular layer; OML, outer molecular layer. Scale bars, 50 μm. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.



In situ hybridization studies using probes against RHOA and RAC1 mRNA sequences revealed fine nuclear and perinuclear puncta in DGCs in the granule and molecular layers of all cases (Figures 4A–D). RHOA-positive and RAC1-positive puncta were also observed in the neuropil, likely representing processes of DGC which were not visible in the sections. In cases with GCD, a high number of RHOA-positive and RAC1-positive puncta clustered at the polar ends of the DGC soma, particularly in DGCs situated in the molecular layer (Figures 4B,D). Some smaller hematoxylin-stained glial cells were associated with none or only a few numbers of RHOA-positive or RAC1-positive puncta. Further immunohistochemical and in situ hybridization double-label studies showed that glutamine synthetase-labeled astrocytes did not have RHOA-positive or RAC1-positive puncta (Supplementary Material S7).
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FIGURE 4. RHOA and RAC1 in situ hybridization studies. (A–D) RHOA and RAC1-positive puncta (cyan) were observed in the dentate gyrus of MTLE cases without GCD (A,C) and cases with GCD (B,D). The majority of positive puncta were found in or around hematoxylin-stained nuclei (purple) in the granule and molecular cell layers. In MTLE cases with GCD, most RHOA and RAC1-positive puncta were localized peri-nuclearly and at opposite ends of each nucleus (B,D). Many RAC1-positive puncta were also observed in the proximal portion of uni- or bipolar processes (D). A number of RHOA and RAC1-positive puncta were also observed in the neuropil. (E,G) In cases without GCD, the density of cells with RHOA and RAC1-positive puncta was higher in the granule cell layer than inner (RHOA P = 0.023; RAC1 P = 0.001) and outer molecular layer (RHOA P = 0.004; RAC1 P = 0.018). In cases with GCD, significantly higher densities of cells with RHOA and RAC1-positive puncta were observed in the granule than outer molecular layers (RHOA P = 0.004; RAC1 P = 0.017), but not in the inner molecular layer (P > 0.05). The density of cells expressing RHOA mRNAs in the inner molecular layer was significantly higher in cases with GCD than cases without GCD (P = 0.05), but this difference was not observed in the granule cell layer or outer molecular layer (P > 0.05). (F,H) The percentage of cells with RHOA or RAC1-positive puncta weakly correlated with age of onset in patients with GCD (RHOA, rs = 0.439, P = 0.011; RAC1, rs = 0.295, P = 0.049), but not in patients without GCD. Abbreviations: DG, dentate gyrus; GCL, granule cell layer; IML, inner molecular layer; OML, outer molecular layer. Scale bars, 50 μm. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.



Quantitative analyses showed that a higher density of cells with RAC1-positive puncta than RHOA was observed in MTLE with GCD (mean ± SEM, RAC1 2.05 × 10−3 ± 2.15 × 10−4 per μm2; RHOA 1.74 × 10−3 ± 2.71 × 10−4; P = 0.017), which was not observed in cases without GCD (RAC1 1.72 × 10−3 ± 2.27 × 10−4 per μm2; RHOA 1.25 × 10−3 ± 1.81 × 10−4; P > 0.05). In all cases, a significantly higher density of cells with RHOA-positive puncta was observed in the granule cell layer than outer molecular layer (GCD, GCL 2.83 × 10−3 ± 5.61 × 10−4 per μm2, OML 8.97 × 10−4 ± 1.01 × 10−4, P = 0.004 (blue bars); no GCD, GCL 2.11 × 10−3 ± 2.23 × 10−4 per μm2, OML 7.24 × 10−4 ± 6.94 × 10−5, P = 0.004 (red bars); Figure 4E and Supplementary Material S6). A significantly higher density of RHOA-positive puncta was observed in the granule cell layer than inner molecular layer in cases without GCD (GCL 2.11 × 10−3 ± 2.23 × 10−4 per μm2, IML 9.25 × 10−4 ± 9.15 × 10−5, P = 0.023), but not in cases with GCD (GCL 2.83 × 10−3 ± 5.61 × 10−4 per μm2, IML 1.49 × 10−3 ± 1.84 × 10−4, P > 0.05), indicating that the level of RHOA gene expression was more similar between granule and inner molecular layers in cases with GCD than in cases without GCD. A significantly higher density of RHOA-positive puncta was observed in the inner molecular layer of cases with GCD than without GCD (GCL 1.49 × 10−3 ± 1.84 × 10−4 per μm2 IML; no GCD IML 9.25 × 10−4 ± 9.15 × 10−5, P = 0.05). In all cases, the densities of cells with RAC1-positive puncta were higher in granule cell layer than the outer molecular layer (GCD, 3.31 × 10−3 ± 4.47 × 10−4 per μm2 GCL, 1.14 × 103 ± 1.24 × 10−4 OML, P = 0.017; no GCD, 2.92 × 10−3 ± 3.47 × 10−4 per μm2 GCL, 1.01 × 10−4 ± 8.99 × 10−5 OML, P = 0.018, Figure 4G). A significantly higher density of RAC1-positive puncta was noted in the granule cell later compared to inner molecular layer in cases without GCD (GCL 2.92 × 10−3 ± 3.47 × 10−4 per μm2, IML 1.23 × 10−3 ± 1.62 × 10−4, P = 0.001), but not in cases with GCD (GCL 3.31 × 10−3 ± 4.47 × 10−4 per μm2, IML 1.70 × 10−3 ± 2.06 × 10−4, P > 0.05). The percentage of cells with RHOA-positive and RAC1-positive puncta weakly correlate with the age of onset (RHOA, rs = 0.439, P = 0.011, Figure 4F; RAC1, rs = 0.294, p = 0.049, Figure 4H).

In situ hybridization using probes against CDC42 and RELN mRNAs were also performed on surgical cases, and labeling was qualitatively assessed as only four cases were investigated. The regional distribution and density of cells with CDC42-positive puncta were similar to RHOA-positive and RAC1-positive positive labeling. RELN-positive puncta were not observed in any of these cases.




DISCUSSION

We investigated the proteome of basal and dispersed DGCs in the dentate gyrus of pharmacoresistant MTLE patients with hippocampal sclerosis to explore the neurodevelopmental pathomechanisms of GCD. We have identified differences in the proteomes between basal and dispersed populations of DGCs in the hippocampus of patients with MTLE and GCD. Specifically, dispersed DGCs in cases with GCD highly expressed mature neuronal markers, MAP2, calbindin, and calretinin as well as a number of Rho GTPases and proteins associated with cell migration, cytoskeleton, and synapse remodeling. These results were further supported by findings from immunohistochemical and in situ hybridization studies, where a significantly higher density and percentage of cells expressing RhoA mRNA and protein was observed in the dentate gyrus of cases with GCD than cases without GCD. The expression of RhoA protein was localized to the opposite ends of uni- or bipolar of DGCs in the molecular layer of cases with GCD. Consistently, the mRNAs of RHOA, RAC1, and CDC42 were also found in the same intracellular region of DGCs, while RAC1 mRNA was also detected in the proximal portion of processes. These findings provide evidence supportive of DGCs undergoing neurodevelopment processes relating to cellular migration, which may contribute to the abnormal dispersion of DGCs in patients with MTLE.


Comparison With Previous Human Proteomics Studies

The current study reported on proteins identified from the dentate gyrus of eight patients with refractory MTLE and HS Type I and GCD (or Type II granule cell pathology according to Blümcke et al., 2009) using protocols established in our previous proteomic study (Liu et al., 2016). There is no specific marker for DGCs in the human brain (unlike Prox1 or NeuroD in rat brains), but other neuronal markers such as MAP2 and calbindin, which are expressed by granule cells, were detected at high levels in our immunohistochemical and proteomic studies. Our samples did not capture microglial cell contaminants, but astroglial markers (GFAP, S100-B) and myelin basic protein were detected, and this is consistent with the intimate intermingling of radial glial and myelinated axons in the dentate gyrus in MTLE with hippocampal sclerosis.

Our proteomic studies did not include surgical or post mortem healthy controls as seen in most previous human proteomic studies of MTLE. This is because (i) surgically-resected “normal” hippocampal tissue from healthy individuals is not available for research; (ii) the process of protein extraction for proteomic analyses is different for surgical and post mortem brain tissue so one standardized protocol cannot be applied to both type of tissue; and (iii) autopsy tissue is likely to be affected by post mortem processes such as rapid protein degradation (especially for tubulins, intermediate filaments, high motility group box protein-1, proapolioprotein, hemoglobin and mutant derivative (He et al., 2006) which may influence our findings. In view of these arguments, we compared the protein profile of basal and dispersed DGCs as well as between younger (<35 years) and older groups (>50 years) to avoid the detection of changes associated with tissue type.

The differential expression of certain proteins in our study is generally consistent with findings from previous human MTLE studies. There is good agreement amongst human TLE proteomics studies that most proteins related to metabolism are significantly upregulated in epilepsy compared to archival normal brain hippocampal samples (Eun et al., 2004; Yang et al., 2006; Persike et al., 2012, 2018). This may be because the generation of epileptiform activity, or response to such activity, consumes a large amount of energy, and rapid glycolysis and oxidative phosphorylation are necessary to fulfill energy demands in the epileptic human brain (Kovac et al., 2017). Consistently, we found 15% of proteins extracted from our epilepsy samples were involved in metabolic processes, and up to 8% of proteins in the Basal cluster were involved in the tricyclic acid cycle and mitochondrial electron chain (Figure 2G and Supplementary Material S4).

A key finding in this study is the identification of proteins in dispersed DGCs of cases with GCD specifically involved in axonal guidance (including beta-spectrin, growth-associated protein 43, postsynaptic density protein 95, profilins), regulation of actin cytoskeleton (cytoplasmic FMR1-interacting proteins, WAVE complex proteins), cytoskeletal and synaptic remodeling (DPYL2, alpha-synuclein, synaptotagmin 1, synapsin II, and stathmin1), as well as Rho GTPases, signaling (RhoA, Cdc42, Rac1, brain-specific angiogenesis inhibitor, Rho GTPases activating proteins; Table 3). These processes are active during neurodevelopment and in neurogenic niches in the adult mammalian brain (Lee et al., 2012; Frese et al., 2017). Our findings are consistent with previous human proteomic studies which have reported increased expression of DPYL2 (also known as collapsing response mediator protein 2, CRMP2), a cytoplasmic phosphoprotein that binds microtubules and promotes neurite outgrowth during neurogenesis and neuronal migration (Inagaki et al., 2001; Fukata et al., 2002), in the hippocampus of MTLE patients compared to controls (Persike et al., 2012, 2018; Keren-Aviram et al., 2018). The CRMP2 antagonist, lacosamide, is an antiepileptic drug often used in patients with drug-resistant epilepsy (Kelemen and Peter, 2010).



GCD and Neurogenesis: Evidence?

During neurodevelopment, new DGCs migrate from the dentate ventricular zone to the granule cell layer to form an “outside-in” dentate gyrus, where the outer-granular cells are the oldest (and showing earliest NeuN immunoreactivity), and DGCs located in the inner layer (basal granule cells) are the youngest (Altman and Bayer, 1990; Seress et al., 2001). A secondary dentate matrix is formed at gestation week (GW) 10–11 which will later become the subgranular zone that supports ongoing neurogenesis that continues to adulthood so there is also an outside-in gradient for neurogenesis (Cipriani et al., 2017). Previous studies have reported that the dentate neurogenesis is still active postnatally at 1 year of age, but proliferative and neurogenic activities decline sharply between 7–13 years and argued to be minimally detected in adulthood (Sorrells et al., 2018) even in the brains of adult patients with MTLE (Blümcke et al., 2001; Cipriani et al., 2017). The level of hippocampal neurogenesis in the normal and diseased adult human brain is still controversial because the detection of neural progenitor cells and new neurons in adult human brains depends on tissue quality and the immunohistochemical protocols employed in studies (Sorrells et al., 2018; Moreno-Jiménez et al., 2019). Considering that the level of neurogenesis is lower in adults than children, it is more plausible that new DGCs born in early childhood contributes to GCD. Although our current findings did not capture immature neural progenitor cell proteins (SOX1, SOX2, TBR1, TBR2, PAX6), or neuroblast proteins (DCX), even in the youngest MTLE patients with age at surgery of 20 and 22 years, we did detect a number of proliferative cell cycle proteins, minichromosome maintenance protein 2 (MCM2), proliferative cell nuclear antigen (PCNA) and cyclin B3, and immature glial progenitor protein, vimentin, in the basal DGCs of younger MTLE cases and not in the dispersed DGCs, thus providing some supporting evidence of neuroplasticity. Our previous immunohistochemical study found a number of proliferative cells expressing MCM2 in the granule cell layer of patients with MTLE (Thom et al., 2005). In addition, we detected a high abundance of neural cell adhesion molecule 1 in dispersed DGCs of younger MTLE cases. In adult animal neurogenesis studies, calretinin is transiently expressed in newborn DGCs before calbindin (Brandt et al., 2003). Calretinin was detected in the dispersed samples of this study, however as we know marked re-organization of calretinin neurons and networks occurs in the hippocampus of patients with MTLE and hippocampal sclerosis (Thom et al., 2012), calretinin may not be a reliable marker of adult neurogenesis in this context. Calbindin D28K was only detected in dispersed DGCs in our study, which is consistent with previous studies that reported reduced expression of calbindin in basal granule cell layer of patients with MTLE (Maglóczky et al., 1997; Arellano et al., 2004; Abrahám et al., 2009, 2011; Martinian et al., 2012).

We did not detect reelin, a glycoprotein secreted by Cajal-Retzius cells to regulate the migration of DGCs during neurodevelopment, in our samples. This is confirmed in subsequent in situ hybridization studies using a probe against RELN mRNA, where no positive labeling was observed in the hippocampus of MTLE cases with GCD. This finding is consistent with previous studies that have reported low levels of RELN mRNA in MTLE patients with hippocampal sclerosis and GCD (Haas et al., 2002; Frotscher et al., 2003; Kobow et al., 2009). In those studies, reelin was detected in the CA1, 3 and 4, and we did not sample those areas.



Rho GTPases and Mechanisms for Migration or GCD

Due to the observation of Rho GTPases in the dispersed DGCs, these proteins have become the focus of further investigation as to their role in pathomechanisms underlying GCD.

The main finding in this study is the upregulation of proteins involved in the Rho GTPase signaling pathway in dispersed DGCs of patients with MTLE and GCD. Rho GTPases belong to the Rho family of GTPases, which is a subgroup of the Ras family of small GTP binding protein (Heasman and Ridley, 2008). Ras homologous member A (RhoA), Ras-related C3 (Rac1) and cell division cycle 42 (Cdc42) are the three most-studied Rho GTPases, and the activated form of these Rho GTPases bind with a number of effector molecules (Dia, ROCK, myosin light chain, phosphatase and kinase, WAVE, Arp2/3, PAK, LIMK, Cofilin-P, Mec-3, WASP; see Supplementary Material S5) to regulate actin polymerization, microtubule stabilization, and actomyosin contractility during neurodevelopment when cells undergo active morphogenesis and participate in migratory, proliferative, and survival activities (Heasman and Ridley, 2008; Zarco et al., 2019). Data from the Human Brain Transcriptome project has reported continuous gene expression of RHOA, RAC1 and CDC42 in the human hippocampus from embryonic and early fetal periods to adulthood (4 post-conceptional weeks to 60 years of age; Supplementary Material S8; Kang et al., 2011). Similarly, we observed a high number of DGCs expressing RHOA, RAC1 and CDC42 mRNAs in the brains of adult MTLE patients with and without GCD, with age at surgery spanning 20–60 years. Whether the protein expression of these Rho GTPases is continuously expressed in DGCs from development to adulthood in the normal and MTLE human brain remain to be investigated as there is currently limited information. In this study, we found significantly higher protein expression of RhoA in uni- or bipolar ends of DGCs in cases with GCD than without GCD, particularly in displaced DGCs in the outer-granule and molecular layers. RhoA was absent in most DGCs located in the basal granule cell layer of MTLE cases. Considering the established role of RhoA in polarized cell migration in neurogenic niches, it is plausible that RhoA has a role in the mismigration of DGCs in cases with DGCs. The distinct localization of RhoA to the apices of dispersed DGC soma may be suggestive of proximal cytoplasmic bulging, a characteristic feature of cells undergoing saltatory migratory during neurodevelopment and in neurogenic zones of adult mammalian brains (Schaar and McConnell, 2005; Wang et al., 2019). During saltatory migration, the centrosome of the migrating cell moves forward to form a transient swelling in the proximal leading process and then the cell body and nucleus move towards the centrosome then pause and this process is repeated again. Previous in vitro morphodynamic studies have found spatiotemporal changes to the expression of RhoA in migrating cells as they undergo saltatory migration (Fritz et al., 2013; Martin et al., 2016; Kaneko et al., 2017). These studies detected RhoA initially at the transient swelling of the leading proximal process where RhoA interacted with effector proteins to regulate f-actin and myosin II in the actomyosin contraction to allow cell soma to translocate forward (Solecki et al., 2009; Ota et al., 2014). As the cell moved forward then stalled, RhoA expression was reduced in the front and gradually increased at the rear of the cell to facilitate retraction of cell soma and back processes, allowing the entire cell to move forward. Thus, RhoA expression may be detected at either or both ends of the cell soma depending on the cell’s migratory state. In agreement, we observed varying numbers of DGCs with RhoA accumulation in one or both ends of the cell soma in cases with GCD. Rho GTPase-mediated cell migration is a well-coordinated process during neurodevelopment, tightly regulated by a number of guanine nucleotide exchange factors and dissociation inhibitors, and GTPase-activating proteins to ensure new neurons arrive timely at a specific location (Schmidt and Hall, 2002). Genetic knockout of Rho GTPase-activating proteins, such as Gimp, in animal studies, can lead to the appearance of ectopic cells (Ota et al., 2014). In this study, Gimp was not detected in our samples, but other GTPase-activating proteins, such as ARGAP1, ARGAP35, A-kinase anchor protein 13, SLIT-ROBO Rho GTPase-activating protein 3 were detected, and further studies are needed to investigate their cellular expression and role in regulating DGC migration in MTLE. In our study, a number of RHOA and RAC1-positive puncta were observed in the neuropil of MTLE cases. It is possible that some of these positive puncta maybe transcripts localized to the processes of DGCs. Previous studies have demonstrated the protein expression of Rac1 and Rho GTPases-exchange factors at the tip of leading processes of migrating cells (Shinohara et al., 2012; Hikita et al., 2014). It is also plausible that RHOA and RAC1 mRNAs are expressed in surrounding glial cells in the granule and molecular layers, although our initial double labeling experiments did not detect RHOA and RAC1 transcripts in astroglial cells expressing glutamine synthetase.

Other modes of cellular migration involving Rho GTPases include “frog leap” and “vessel-based” migrations. Using live imaging techniques, a study reported that 50% of the adult-born new DGCs had leading process pointed tangentially in the subgranular zone of the hippocampal granule cell layer, and these cells underwent lateral migration in small clusters coupled by connexin 43 before migrating radially into the deeper granule cell layer (Wang et al., 2019). During this migratory process, the leading cells in the migratory cluster changed repeatedly (akin to leapfrog), hovering forward and backward as the cluster moved towards their final destination. Other animal studies have also reported that gap junctions are important for neuronal dispersion in the embryonic cortex (Elias et al., 2007, 2010; Yu et al., 2012). In our study, expression of connexin 43 was observed in dispersed DGCs of cases with GCD and we did observe a number of dispersed DGCs in single line formation in outer-granule and molecular layers of cases with GCD, sometimes in close proximity to vascular structures. In microvessel-based migration, DGCs are postulated to migrate tangentially along blood vessels, followed by limited radial migration into the granule cell layer (Sun et al., 2015). In developing animals, it is known that large plexuses of vasculature are developed in the molecular layer and CA4 during postnatal days 0–7, while only short bridges of blood vessels are found to extend through the granule cell layer (Pombero et al., 2018).




CONCLUSION

In conclusion, we have shown limited evidence to support ongoing adult neurogenesis in the hippocampus of patients with MTLE, but evidence of differential dysmaturation between dispersed and basal DGCs has been shown. We have provided evidence from proteomic and immunohistochemical studies to demonstrate that DGCs contribute to ongoing structural and synaptic changes in the MTLE human brain, and expression of Rho GTPases in these cells may support abnormal cellular migratory activities that are linked to GCD pathology. Further studies are required to assess the possible contribution of DGCs expressing Rho GTPases to seizure generation and cognitive impairments.
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Paroxysmal Discharges in Tissue Slices From Pediatric Epilepsy Surgery Patients: Critical Role of GABAB Receptors in the Generation of Ictal Activity
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In the present study, we characterized the effects of bath application of the proconvulsant drug 4-aminopyridine (4-AP) alone or in combination with GABAA and/or GABAB receptor antagonists, in cortical dysplasia (CD type I and CD type IIa/b), tuberous sclerosis complex (TSC), and non-CD cortical tissue samples from pediatric epilepsy surgery patients. Whole-cell patch clamp recordings in current and voltage clamp modes were obtained from cortical pyramidal neurons (CPNs), interneurons, and balloon/giant cells. In pyramidal neurons, bath application of 4-AP produced an increase in spontaneous synaptic activity as well as rhythmic membrane oscillations. In current clamp mode, these oscillations were generally depolarizing or biphasic and were accompanied by increased membrane conductance. In interneurons, membrane oscillations were consistently depolarizing and accompanied by bursts of action potentials. In a subset of balloon/giant cells from CD type IIb and TSC cases, respectively, 4-AP induced very low-amplitude, slow membrane oscillations that echoed the rhythmic oscillations from pyramidal neurons and interneurons. Bicuculline reduced the amplitude of membrane oscillations induced by 4-AP, indicating that they were mediated principally by GABAA receptors. 4-AP alone or in combination with bicuculline increased cortical excitability but did not induce seizure-like discharges. Ictal activity was observed in pyramidal neurons and interneurons from CD and TSC cases only when phaclofen, a GABAB receptor antagonist, was added to the 4-AP and bicuculline solution. These results emphasize the critical and permissive role of GABAB receptors in the transition to an ictal state in pediatric CD tissue and highlight the importance of these receptors as a potential therapeutic target in pediatric epilepsy.
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INTRODUCTION

There are two major GABA receptor subtypes in the central nervous system, type A (including the A-ρ subfamily) and type B (Olsen and Sieghart, 2009). The ionotropic GABAA receptor mediates fast inhibitory neurotransmission and is preferentially localized in postsynaptic membranes. When the neurotransmitter binds the multimeric GABAA receptor, it allosterically opens a chloride ion channel leading, in most cases, to membrane hyperpolarization (Olsen and Sieghart, 2009). In contrast, the metabotropic GABAB receptor is a G protein-coupled receptor present at both pre- and post-synaptic membranes where it regulates neurotransmitter release and slow, prolonged inhibitory responses, respectively. GABAB receptors function via multiple mechanisms including inwardly rectifying K+ channels, voltage-gated Ca2+ channels, and adenylyl cyclase, all of which result in either reduced neurotransmitter release or hyperpolarization of the neuron (Newberry and Nicoll, 1984; Thompson and Gahwiler, 1992; Bowery et al., 2002; Bettler et al., 2004; Frangaj and Fan, 2018). Reduced function of GABAA receptors is traditionally thought to contribute to a breakdown in inhibitory neurotransmission. Thus, GABAA receptor antagonists have been used to mimic some features of epileptic activity. However, the role of GABAB receptors in epileptogenesis, especially in humans, is less well understood.

Spontaneous paroxysmal discharges, ictal or interictal, are rarely observed in ex vivo slices from pediatric or adult epilepsy surgery tissue samples resected for the treatment of pharmacoresistant epilepsy. This is probably due to the elimination of long-range excitatory inputs. In our cohort of approximately 300 cases examined thus far (Cepeda et al., 2003, 2005a,b, 2006, 2012; Abdijadid et al., 2015), epileptic activity in the form of paroxysmal depolarizing shifts or spontaneous bursting was only seen in about 2% of cases and ictal activity was never recorded in cortical pyramidal neurons (CPNs). However, fast-spiking interneurons were more prone to display ictal-like activity (Cepeda et al., 2019). Also, cytomegalic interneurons in cases of severe cortical dysplasia (CD), i.e., CD type II, may generate spontaneous paroxysmal depolarizations (Andre et al., 2007). In order to induce paroxysmal discharges in tissue slices, the ionic concentrations of the bathing solution have been manipulated (e.g., Mg2+ removal or increased K+ concentration), or proconvulsant agents such as GABAA receptor antagonists (bicuculline, BIC, or picrotoxin) and K+-channel blockers [4-aminopyridine (4-AP)] have been used (Avoli et al., 1999, 2003; D’Antuono et al., 2004; Avoli and Jefferys, 2016). Of particular interest is the fact that human CD tissue is exquisitely sensitive to the proconvulsant effects of 4-AP, as this drug induces spontaneous seizures in about 50% of slices from CD, but not from mesial temporal lobe epilepsy cases (Avoli et al., 1999; D’Antuono et al., 2004).

4-Aminopyridine is an isomeric amine of pyridine and has been widely used to characterize K+ channel subtypes. It is a powerful epileptogenic agent that acts by blocking type A/D K+ channels (Traub et al., 1995; Mitterdorfer and Bean, 2002; Szente et al., 2002). It increases neurotransmitter release by prolonging action potential duration (Bostock et al., 1981) and in hippocampal and cortical tissue slices it also induces membrane oscillations which depend on synchronous activation of GABA receptors and facilitation of gap junctional current and/or permeability (Traub et al., 2001).

In the present study, the sensitivity of neocortical pyramidal and non-pyramidal neurons to proconvulsants 4-AP and BIC, alone or in conjunction, was tested in slices from tissue resected surgically for the treatment of refractory epilepsy in pediatric surgery patients. Pathologies included CD type I and type II, tuberous sclerosis complex (TSC, a genetic form of severe CD), and non-CD etiologies (e.g., perinatal stroke, tumor). Normal and abnormal cell types, including normal-appearing CPNs and interneurons, cytomegalic and immature pyramidal neurons, and balloon/giant cells were studied. In addition, we examined the modulatory effects of GABAB receptors on paroxysmal discharges induced by 4-AP. Taken together, the present study supports the idea that GABAB receptors play a key role in the transition from interictal to ictal activity, especially in CD cases.



MATERIALS AND METHODS


Cohort and Standard Protocol Approvals

The Institutional Review Board at the University of California Los Angeles (UCLA) approved the use of human subjects for research purposes, and parents or responsible persons signed written informed consents and HIPAA authorizations. Children undergoing resective surgery with the UCLA Pediatric Epilepsy Program to help control their medically refractory focal epilepsy were sequentially recruited from December 2002 to October 2016. For the present study, cortical tissue samples from four groups of etiologies were included; CD type I, CD type IIa/b (Blumcke et al., 2011; Guerrini et al., 2015), TSC, and non-CD etiologies including tumor, infarct, Sturge–Weber syndrome (SWS), polymicrogyria, multicystic encephalopathy, Aicardi syndrome, and three cases with mild, undetermined cortical pathology.



Electrocorticography and Surgical Resection

The site and margin of the surgical resection were based on recommendations from a multidisciplinary meeting after careful consideration of the presurgical evaluation of each patient, as previously described (Cepeda et al., 2003, 2005b, 2014, 2019). For the four groups of etiologies, our goal was complete resection of the epileptogenic zone primarily defined by non-invasive testing (Lerner et al., 2009; Hemb et al., 2010), including video-EEG capturing ictal events, high-resolution magnetic resonance imaging (MRI), and 18-fluorodeoxyglucose positron emission tomography (FDG-PET), as well as magnetic source imaging and co-registration of MRI and FDG-PET when the initial battery of tests was inconclusive (Salamon et al., 2008).



Slice Preparation and Electrophysiological Recordings

After surgical resection, the tissue samples were immediately immersed in ice-cold artificial cerebrospinal fluid (ACSF) enriched with sucrose for better preservation and then expeditiously hand-carried out of the operating room and transported directly to the laboratory within 5–10 min. The high sucrose-based slicing solution contained (in mM): 208 sucrose, 10 glucose, 26 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 1.3 MgCl2, 8 MgSO4. Coronal slices (300 μm) were cut and transferred to an incubating chamber containing ACSF (in mM): 130 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 MgCl2, 2 CaCl2, and 10 glucose) oxygenated with 95% O2–5% CO2 (pH 7.2–7.4, osmolality 290–310 mOsm/L, 32–34°C). In selected experiments, the ACSF solution was modified to reduce the amount of glucose and introduce additional energy substrates, i.e., ketones and pyruvate, more akin to those used by developing brains (Holmgren et al., 2010; Zilberter et al., 2010). This bathing solution, also known as enriched ACSF (eACSF) contained (in mM): 130 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 MgCl2, 2 CaCl2, 5 glucose, 5 Na pyruvate, 2 Na 3-hydroxybutyrate (BHB). Slices were allowed to recover for an additional 60 min at room temperature prior to recording. All recordings were performed at room temperature using an upright microscope (Olympus BX51WI) equipped with infrared-differential interference contrast (IR-DIC) optics.

Whole-cell patch clamp recordings in voltage- or current-clamp modes were obtained from different cell types (layers II–V) visualized with IR-DIC (Cepeda et al., 2012). The patch pipette (3–5 MΩ resistance) contained a cesium-based internal solution (in mM): 125 Cs-methanesulfonate, 4 NaCl, 1 MgCl2, 5 MgATP, 9 EGTA, 8 HEPES, 1 GTP-Tris, 10 phosphocreatine, and 0.1 leupeptin (pH 7.2 with CsOH, 270–280 mOsm/L) for voltage clamp recordings. K-gluconate-based solution containing (in mM): 112.5 K-gluconate, 4 NaCl, 17.5 KCl, 0.5 CaCl2, 1 MgCl2, 5 ATP, 1 NaGTP, 5 EGTA, 10 HEPES, pH 7.2 (270–280 mOsm/L) was used for current clamp recordings. After breaking the seal, basic cell membrane properties (capacitance, input resistance, decay time constant) were recorded while holding the membrane potential (Vh) at −70 mV. Electrode access resistances during whole-cell recordings were less than 25 MΩ (range 8–25 MΩ). Electrodes also contained 0.2% biocytin in the internal solution to label recorded cells. Proconvulsant drugs included 4-AP (100 μM), BIC (10–20 μM), and the GABAB receptor antagonist phaclofen (6–25 μM). In voltage and current clamp modes, the latency, frequency, and amplitude of 4-AP oscillations were measured using the Clampfit software (v 10.3). As all slices were treated with 4-AP, alone or in combination with other drugs, the number of cells recorded is equivalent to the number of slices.



Statistics

In the text and figures, results are expressed as mean ± SEM. For group comparisons, we used one-way ANOVA (with Bonferroni correction) or if normality failed the Kruskal–Wallis ANOVA on Ranks with pairwise multiple comparisons (Dunn or Holm–Sidak methods) was used. For simple comparisons between two groups, we used the Student’s t-test and for comparisons between proportions the Chi-square test was used. SigmaStat (3.5) software was used for all statistical analyses. Differences were deemed statistically significant if p < 0.05.



RESULTS


Cohort

The number of cases included in the present study, their pathologies, and the number of cells recorded separated by type are shown, in abridged form, in Table 1. The average age of the pediatric population examined, regardless of pathology, was 3 ± 0.43 years (n = 80, 45 male and 35 female). There was a strong trend for CD patients to be younger than patients with TSC or non-CD pathologies, but the difference did not reach statistical significance (p = 0.056). Similarly, the average age of CD type I (2.5 ± 0.26 year, n = 18, 13 male and five female) and type II (2.4 ± 0.26 year, n = 28, 13 male and 15 female) cases or the TSC (3.6 ± 0.43 year, n = 18, 11 male and seven female) and non-CD (3.9 ± 0.35 year, n = 16, eight male and eight female) cases were not significantly different between them. In all cases, histopathological analyses confirmed initial clinical and imaging diagnoses. At the time of surgery, patients were taking antiepileptic drugs (AEDs) to control seizures. AEDs included topiramate, clonazepam, phenobarbital, lamotrigine, zonisamide, carbamazepine, or adrenocorticotropic hormone.


TABLE 1. Pediatric epilepsy cohort.
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Pathological Findings

In patients with CD type I and type II histopathological analyses confirmed changes consistent with the ILAE consensus classification of FCDs (Blumcke et al., 2011). In CD type I these included moderate to severe neuronal disorganization, heterotopic neurons in the white matter, mild neuronal crowding and, in some cases, blurring of the gray–white matter junction. In patients with CD type II, in addition to neuronal disorganization, dysmorphic, cytomegalic neurons (IIa) and balloon cells (IIb) also occurred. TSC cases displayed giant cells and dysmorphic cytomegalic neurons. Severe neuronal disorganization and heterotopic neurons in the white matter were also observed. Non-CD pathologies included; six infarct cases, two patients had a cystic infarct with gliosis, one patient had multiple cortical and subcortical white matter infarcts with marked neuronal loss, two other patients had some neuronal crowding but no evidence of dyslamination, while the remaining patient had some scattered heterotopic neurons in the white matter. The two SWS cases showed pronounced leptomeningeal angiomatosis, with predominantly thin-walled, venous channels. The tumor case had a small oligodendroglial hamartoma. Additionally, one case presented with multicystic encephalopathy, one with Aicardi syndrome without evidence of CD, and two cases presented with polymicrogyria and pachygyria. Finally, in three cases, there was no definitive histopathological diagnosis. The first two showed varying amounts of heterotopic neurons in the white matter, and the third had a right ventricular cyst and showed gliosis of the ventricular wall and nodular gray matter but no signs of dysplastic changes.



Cell Types and Basic Membrane Properties

All cells (n = 245) were recorded using the whole-cell patch clamp configuration in both current clamp (n = 69) and voltage clamp (n = 176) modes. Basic membrane properties, including cell capacitance, input resistance, and decay time constant were determined in voltage clamp mode. Cells were recorded in layers II/V from frontal, parietal, and temporal areas. As expected, the most abundant cell type in our cohort was normal-appearing CPNs (n = 182). In CD types I and IIa/b and in TSC cases, additional cell types were observed including dysmorphic/cytomegalic pyramidal neurons (n = 17), immature-looking pyramidal neurons (n = 15), and balloon/giant cells (n = 4 in CD type IIb and n = 6 in TSC cases) (Blumcke et al., 2011; Guerrini et al., 2015). Giant cells have morphological and electrophysiological properties that are similar to those of balloon cells (Cepeda et al., 2003; Jozwiak et al., 2006; Grajkowska et al., 2008; Abdijadid et al., 2015). Balloon/giant cells appear to be enlarged astrocytes but in the cerebral cortex, they can also express neuronal markers (Cepeda et al., 2003, 2010; Jozwiak et al., 2006). A small number of interneurons were observed across the different pathologies (n = 21, including one cytomegalic interneuron in a CD type IIb case with associated hemimegalencephaly) (Table 1).

Statistically significant differences in basic cell membrane properties were observed among the different cell types (p < 0.001, one-way ANOVA on Ranks, see details in Figure 1 legend). In particular, normal-appearing CPNs had larger capacitance and lower input resistance than cortical interneurons. Similarly, cytomegalic CPNs had larger capacitance and lower input resistance than normal-appearing and immature CPNs. The Resting Membrane Potential (RMP) was calculated in a subset of cells recorded in current clamp mode. Significant differences were found among the main cell types (p = 0.001, one-way ANOVA followed by pairwise multiple comparison procedures, Holm–Sidak method). The RMP of cortical interneurons (−60 ± 1.1 mV, n = 12) was more depolarized than that of normal-appearing CPNs (−66.3 ± 1.2 mV, n = 52) (p = 0.02). In addition, the RMP of balloon/giant cells (−76.8 ± 3.9 mV, n = 5) was more hyperpolarized than that of both CPNs (p = 0.015) and interneurons (p < 0.001).
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FIGURE 1. Membrane properties of the different cell types. Measurement of basic cell membrane properties (capacitance, input resistance, and time constant) in voltage clamp mode demonstrated statistically significant differences among cell groups (p < 0.001, one-way ANOVA on Ranks). The cell capacitance of cytomegalic pyramidal neurons was significantly larger than that of normal CPNs, immature pyramidal neurons, and interneurons (all at p < 0.001, pairwise multiple comparisons using Dunn’s method), whereas it was not different from that of balloon/giant cells (p = 0.3). Similarly, the cell capacitance of normal CPNs and balloon/giant cells was larger than that of interneurons and immature CPNs (both at p < 0.001). Comparison of cell capacitance between balloon/giant cells and normal CPNs or that between interneurons and immature CPNs was not significantly different. In contrast, the membrane input resistance of cytomegalic CPNs was significantly lower than that of normal and immature CPNs, as well as interneurons (all at p < 0.001). The input resistance of cytomegalic and normal CPNs compared with balloon/giant cells was not significantly different (both at p = 0.6). Immature CPNs had significantly higher input resistance compared with that of normal CPNs and balloon/giant cells (both at p < 0.001) but not different from that of cortical interneurons. Finally, the input resistance of interneurons was significantly higher than that of balloon/giant cells (p = 0.004) and normal CPNs (p = 0.02). The differences in time constant were similar to those in cell capacitance, except for the comparison between cytomegalic CPNs and balloon/giant cells, which was significantly lower in the latter (p < 0.05).




4-AP Oscillations in Different Cortical Cell Types in CD, TSC, and Non-CD Cases

Bath application of 4-AP (100 μM) initially increased the frequency of spontaneous glutamatergic and GABAergic synaptic events. The magnitude of this increase in frequency was calculated in a small sample of CPNs using the MiniAnalysis software (Synaptosoft). At a holding potential of −70 mV (to isolate glutamatergic events), the frequency of spontaneous glutamatergic events increased from 1.5 ± 0.3 to 5.7 ± 0.9 Hz (p = 0.001, n = 7 CPNs), whereas at + 10 mV (to isolate GABAergic events) it increased from 4.2 ± 0.5 to 8.5 ± 0.6 Hz (p < 0.001, n = 25 CPNs). After a latency of about 2–3 min 4-AP induced large-amplitude, rhythmic membrane oscillations. It has been postulated that 4-AP oscillations are the result of synchronous activation of GABA receptors and facilitation of gap junctional currents and/or permeability (Traub et al., 2001). Without ruling out completely the contribution of gap junctions, we found that 4-AP oscillations were synaptically mediated as blockade of Na+ channels with tetrodotoxin (TTX, 1 μM) or blockade of Ca2+ channels with cadmium (100 μM) abolished these membrane oscillations (Supplementary Figure S1).

Almost all CPNs and interneurons (n = 221) displayed 4-AP oscillations of variable frequency and amplitude. A small subset of neurons (n = 14) did not display oscillations or they were negligible. These cells occurred generally in the youngest cases (three CD type I, five CD type II, two TSC, and two non-CD; mean age 1.2 ± 0.3 year, range 0.3–3 year). Most were normal-appearing CPNs (n = 8), four were immature pyramidal neurons, and two were interneurons based on electrophysiological and morphological properties.

In current clamp mode (K-gluconate in the patch pipette), CPNs displayed three main types of 4-AP oscillations at RMP (Figure 2). Provided CPNs had an RMP more negative than the chloride reversal potential, the oscillation was purely depolarizing (n = 20 cells). The average depolarization amplitude was 10.8 ± 1 mV and if the depolarization was large enough it could elicit scattered action potentials. A few CPNs (n = 10) displayed small amplitude oscillations that were hyperpolarizing (average amplitude −5.1 ± 1 mV). At more depolarized potentials (around −60 mV) CPNs displayed biphasic responses (n = 13), equally divided between depolarization followed by hyperpolarization, or vice versa. In contrast, 4-AP oscillations in cortical interneurons (n = 13, including three FSI, nine non-FSI, and one cytomegalic interneuron) were consistently depolarizing and, in almost all cases, accompanied by bursts of action potentials. These bursts were also seen in voltage clamp mode (Vh = −70 mV). This suggests that 4-AP oscillations in CPNs are primarily triggered by rhythmic bursting of cortical interneurons.
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FIGURE 2. (A) Examples of a CPN and an interneuron recorded and filled with biocytin. (B) Current clamp recordings illustrating the different types of 4-AP oscillations in CPNs and interneurons. In CPNs, 4-AP induced three main types of oscillations; most were depolarizing, with or without action potentials, some were mainly hyperpolarizing, and others were biphasic (depolarization followed by hyperpolarization or vice versa). In interneurons, 4-AP consistently induced membrane depolarizations accompanied by bursts of action potentials, even at hyperpolarized potentials (with negative current). (C) Bar graphs show the percentage of cells displaying the different types of oscillations in CPNs and interneurons.


In CD type IIb (n = 4) and TSC (n = 5) cases 10 balloon/giant (n = 4 and 6, respectively) cells were recorded. As previously described, these cells share similar morphological and electrophysiological properties including lack of inward Na+ or Ca2+ currents and no synaptic inputs but prominent K+ currents (Cepeda et al., 2003). We tested the effects of 4-AP on these cells. Most cells did not display any obvious effect. However, four cells (three from two CD type IIb cases and one from a TSC case) displayed very slow (3.75 ± 0.3/min), low-amplitude membrane depolarizations (2.1 ± 0.4 mV in current clamp) or inward currents (8.3 ± 2 pA in voltage clamp) (Supplementary Figure S2), suggesting they could be sensing K+ elevations induced by 4-AP. The function of these oscillations remains unknown, but it is possible that they may be buffering increases in K+ caused by 4-AP-induced paroxysmal activity, acting as a retardant of network synchrony.



4-AP Oscillations in CPNs and Interneurons From Different Pathologies

No significant difference was found in the frequency of 4-AP oscillations of CPNs regardless of pathology, although there was a trend for CPNs from CD type II cases to display higher frequencies (Figure 3A, upper graphs). The lowest frequencies were observed in CPNs from TSC cases. The frequency range among CPNs was between 2 and 29 oscillations/min. Cells with the highest frequencies (≥15 oscillations/min) were consistently found in CD type I (5.3%) and II (11.5%) and TSC (4.8%) cases compared with non-CD cases (2.4%). Although overall the difference in proportions among groups was not statistically significant, the difference between the CD type II and the non-CD groups almost reached statistical significance (p = 0.09, Chi-square test). Interestingly, the latency to the first oscillation was significantly different among groups (p = 0.002, Kruskal–Wallis one-way analysis of variance on Ranks). Post hoc pairwise multiple comparisons showed that the latency in the CD type I group was significantly longer than that of the non-CD group (q = 3.3) and the TSC group (q = 2.9) (Figure 3A, lower graphs). This suggests that network synchrony requires more time when there is cortical disorganization or as a result of the presence of abnormal cells, at least for the CD type 1 and non-CD group comparison. This does not explain, however, why the latency in the TSC group was also decreased. Finally, there was no significant correlation between frequency and latency of 4-AP oscillations with age, only a small trend for frequency to increase and latency to decrease with age (Figure 3B).
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FIGURE 3. Frequency and latency of 4-AP oscillations by pathology. (A) No difference was observed in the frequency of 4-AP oscillations in CPNs and interneurons among pathologies, only a trend for higher frequency of oscillations in CPNs in the CD type II group (upper panels). The latency for the first occurrence of 4-AP oscillations in CPNs was significantly increased in CD type 1 cases compared with non-CD and TSC cases (lower panels) (p < 0.05, one-way ANOVA with Bonferroni correction). CD type II cases also had a strong trend for longer latencies. No difference in latency among groups occurred in interneurons. In TSC, only one interneuron was recorded, so this group was not included in the graphs. (B) Correlations between frequency and latency of 4-AP oscillations with age. There was a minimal, non-significant correlation between age and frequency/latency of 4-AP oscillations. *p < 0.05.




Electrophysiological Characterization of 4-AP-Induced Membrane Oscillations in Pediatric Epilepsy Tissue Samples

4-Aminopyridine oscillations in pediatric cortical tissue are primarily mediated by activation of GABAA receptors, based on electrophysiological and pharmacological observations. In whole-cell current clamp mode (K-gluconate in the patch pipette), 4-AP oscillations in CPNs were mostly depolarizing at RMP (usually around −70 mV). However, when the membrane was more depolarized (around −54 mV or less), the oscillation became hyperpolarizing. The estimated reversal potential occurred at approximately −57 mV, which corresponds to the chloride equilibrium potential in our recording conditions. This observation was confirmed in voltage clamp recordings. At a holding potential of + 10 mV, the 4-AP oscillations in CPNs (including normal-appearing, cytomegalic, and immature) were manifested as large outward currents (mean = 904.3 ± 49 pA, n = 120). No statistically significant difference in amplitude was observed among pathologies (p = 0.8, one-way ANOVA). The amplitude of the oscillation decreased as a function of the holding potential. At −70 mV holding potential the currents were small and, in most cases, became inward (mean = −103.6 ± 12 pA, n = 31). The estimated reversal potential also was around −57 mV (Figure 4). This value corresponds to our previous estimates for GABAA receptor-mediated responses (Cepeda et al., 2007, 2014). Further, during the 4-AP oscillation, the cell membrane input resistance decreased, probably as a result of the shunting inhibition mediated by GABAA receptors.
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FIGURE 4. Reversal potential of 4-AP oscillations in CPNs recorded in voltage clamp mode. (A) Traces show voltage clamp recordings of a CPN. After 4-AP oscillations were induced, the holding potential was changed from + 10 to −70 mV. The amplitude of the 4-AP oscillation decreased from +10 to −50 mV and reversed between −60 and −70 mV. (B) The IV relationship of the 4-AP oscillation determined that the equilibrium potential occurred around −57 mV, corresponding to the predicted chloride equilibrium potential based on our internal patch solution.




Effects of BIC, a GABAA Receptor Antagonist, on 4-AP Oscillations and Cortical Excitability

Supporting the idea that 4-AP oscillations were mainly GABAergic and mediated by GABAA receptors, the addition of BIC greatly reduced their amplitude and, in some cases, it eliminated them completely (Figure 5A). Similarly, BIC reduced the amplitude of 4-AP oscillations and bursting observed in cortical interneurons (Figure 5B).
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FIGURE 5. BIC reduces the amplitude of 4-AP oscillations in CPNs and interneurons. (A) CPN recorded in voltage clamp mode (+10 mV holding potential). After stable 4-AP oscillations were induced (upper trace), bath application of BIC (20 μM) significantly reduced the amplitude of the oscillations (lower trace). (B) 4-AP oscillations and bursting were induced in this interneuron recorded in current clamp mode. The cell was hyperpolarized to −90 mV by injecting negative current to prevent spontaneous firing. After BIC application, membrane depolarization amplitude and bursting were reduced.


An interesting observation was that in CPNs bath application of BIC reversed the polarity of the oscillations, i.e., in current clamp mode the membrane depolarization converted into a hyperpolarization (Supplementary Figure S3) and in voltage clamp (Vh = −70 mV) the inward current became outward. This suggested there is another minor component of the 4-AP oscillation, which is not mediated by GABAA receptors. As in voltage clamp this component was outward-going, it seemed unlikely it was mediated by glutamate receptors. Further, it could occur in the presence of glutamate receptor antagonists CNQX (10 μM) and APV (50 μM). Importantly, while GABAA receptor antagonists such as BIC reduced the amplitude of 4-AP oscillations, they also increased overall network excitability as demonstrated by the sporadic occurrence of paroxysmal discharges (Figure 6 and Table 2).
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FIGURE 6. 4-AP and BIC increase network excitability. (A) A CPN from a CD type I case was recorded in current and voltage clamp modes. Left panel shows the cell after biocytin processing. Right panel shows voltage changes induced by hyperpolarizing and depolarizing current pulses. (B) After addition of 4-AP rhythmic oscillations with scattered action potentials were seen. (C) Addition of BIC eliminated the 4-AP oscillations but simultaneously increased network excitability as demonstrated by the generation of paroxysmal discharges recorded in both voltage clamp (top trace, truncated due to saturation) and current clamp (lower trace).



TABLE 2. Effects of 4AP + BIC.
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Effects of Phaclofen, a GABAB Receptor Antagonist, on 4-AP Oscillations and Cortical Excitability

We attempted to determine the reversal potential of the remnant current persisting after BIC application and found that its amplitude decreased as a function of cell membrane hyperpolarization until it reversed around −85 mV (Figure 7A), strongly indicating it was mediated by K+ channels, in particular, inwardly rectifying K+ channels such as those in the Kir3 family (Mott, 2015). As GABAB receptors are linked to Kir channels, this suggested that 4-AP membrane hyperpolarizations occurring after GABAA receptor antagonism could be mediated by activation of GABAB receptors. In support, the GABAB receptor antagonist phaclofen (6–10 μM) obliterated this remnant current (Figure 7B).
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FIGURE 7. Reversal potential of 4-AP oscillations after BIC. (A) With increasing membrane hyperpolarization, by injection of negative current, the amplitude of the oscillation was reduced and reversed around −85 mV, suggesting involvement of K+ conductances, as expected if GABAB receptors were activated. (B) Supporting this idea, addition of the GABAB receptor antagonist phaclofen eliminated the 4-AP oscillation.


In spite of inducing interictal-like membrane oscillations and enhancing overall cortical excitability, 4-AP and BIC were not sufficient, in our recording conditions, to induce ictal activity. A previous report showed that in human CD tissue GABAB receptors play an important role in epileptogenesis as baclofen blocks paroxysmal discharges induced by 4-AP (D’Antuono et al., 2004). Thus, to confirm this observation, we tested the effects of a GABAB antagonist, phaclofen on 4-AP oscillations. This selective GABAB receptor antagonist which, as shown previously, reduced the amplitude of 4-AP oscillations, further enhanced cortical excitability and induced ictal-like activity.

Phaclofen (10–25 μM) was tested in 21 neurons (16 CPNs and five interneurons) from nine cases (three CD type I, one CD type II, four TSC, and one non-CD). At the low concentration, no enhancement of paroxysmal discharges generated by 4-AP and BIC were seen in 10 cells. In the remainder, phaclofen showed a clear proconvulsant effect. At the low concentration (10 μM), it facilitated the induction of paroxysmal discharges and/or increased burst duration (n = 6) (Figure 8). At the high concentration (20–25 μM), it induced ictal-like activity in three CPNs (Figure 9) and two interneurons (Figure 10). In those cells, 14 ictal-like episodes were captured and had an average duration of 21 ± 9 s (range 1.4–105 s). Ictal discharges were only seen in CD and TSC cases but not in the non-CD case. A comparison between the effects of combined drug application of 4-AP + BIC and 4-AP + BIC + Phaclofen demonstrated significantly higher epileptogenicity when the GABAB receptor antagonist was present (Tables 2, 3). In 4-AP + BIC, 40.3% of neurons did not present with paroxysmal discharges (besides 4-AP oscillations), 54.4% showed isolated paroxysmal discharges or bursts of action potentials, and only 5.3% displayed repetitive paroxysmal discharges. No cells exhibited ictal-like activity. In contrast, after addition of phaclofen, all cells showed paroxysmal activity; 61.9% displayed isolated discharges or bursts of action potentials, 14.3% showed repetitive paroxysmal discharges, and 23.8% presented with ictal-like activity. The difference between groups was statistically significant (p < 0.001, Chi-square test).
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FIGURE 8. Phaclofen enhances paroxysmal activity. (A) In current clamp mode, paroxysmal discharges were induced by combined application of 4-AP and BIC. (B) After addition of phaclofen, burst duration was increased.
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FIGURE 9. Phaclofen favors the transition to ictal-like discharges in CPNs. (A) Membrane oscillations were induced by 4-AP (top trace). (B) After BIC, the oscillations were reduced. (C) Addition of phaclofen to the mix generated ictal-like discharges. (D) In voltage clamp mode, 4-AP induced rhythmic inward currents. (E) After addition of BIC, the currents became outward and the amplitude was reduced. (F) Phaclofen in combination with 4-AP and BIC induced ictal-like activity.
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FIGURE 10. Phaclofen induces ictal-like activity in cortical interneurons. (A) Current clamp recording of a cortical interneuron from a CD type I case. Depolarizing current pulses induced action potentials with very large after-hyperpolarization. (B) After 4-AP, rhythmic depolarizations and bursting were induced. Addition of BIC almost completely eliminated bursting. (C) Addition of phaclofen to the mix resulted in ictal-like discharges.



TABLE 3. Effects of 4-AP + BIC + phaclofen.

[image: Table 3]Finally, at the low concentration, phaclofen also enhanced paroxysmal discharges induced in 0 Mg2+ external solution in a CPN from a CD type II case (Supplementary Figure S4). This provided further proof that antagonism of GABAB receptors facilitates epileptic activity, particularly in CD cases.



Effects of eACSF (BHB and Pyruvate) on 4-AP Oscillations

It has been reported that eACSF, with BHB and pyruvate added, can reduce the depolarizing/excitatory actions of GABA in early development (Holmgren et al., 2010). In consequence, we tested the effects of eACSF on 4-AP oscillations in eight cases (n = 4 CD type I, 1 TSC, and 3 non-CD). Surprisingly, within minutes after changing the external solution from regular ACSF to eACSF (BHB and pyruvate), the frequency and/or amplitude of 4-AP oscillations was reduced in all, except 1, CPNs tested (n = 15, including three immature-looking pyramidal neurons) (Supplementary Figure S5). This suggests that addition of these energy substrates could have antiepileptic effects.



DISCUSSION

In the present study, we used cortical tissue samples from pediatric epilepsy surgery patients to examine CPN and interneuron sensitivity to proconvulsant drugs including 4-AP, as well as GABAA and GABAB receptor antagonists. 4-AP induced membrane oscillations that were mediated primarily by synaptic activity as TTX and cadmium abolished these oscillations. Cells from cases presenting with CD or TSC displayed enhanced sensitivity to proconvulsant drugs compared with non-CD cases. We also found that a subset of balloon/giant cells from CD type IIb and TSC cases can sense K+ surges induced by 4-AP. In addition, we demonstrate the critical and permissive role of GABAB receptors in the transition to the ictal state in CD and TSC tissue, but not in non-CD tissue. These findings emphasize the importance of using in vitro slice preparations from human tissue to discern potential and selective new therapies in pediatric patients with intractable epilepsy from CD, TSC, and non-CD pathologies.

In slices from pediatric epilepsy cases, spontaneous interictal and/or ictal activities occur very rarely at the single-cell level, even when the sample is from the most epileptogenic area. This is probably due to the fact that tissue slices represent a reduced preparation lacking long-range excitatory inputs. However, in our hands, spontaneous paroxysmal discharges and ictal-like activity can be recorded from some GABAergic interneurons (Andre et al., 2007; Cepeda et al., 2019). In order to enhance CPN excitability, proconvulsant agents have been used traditionally. In particular, studies in human brain tissue have demonstrated the exquisite sensitivity of CD tissue samples to 4-AP, a K+-channel blocker that increases neurotransmitter release by prolonging action potential duration (Buckle and Haas, 1982; Avoli et al., 2003). 4-AP produces neuronal synchrony manifested by rhythmic membrane oscillations caused by synchronous GABA release from interneurons and possibly also by increases in gap junctional currents and/or permeability (Traub et al., 1995; Traub et al., 2001; Szente et al., 2002). Here, in pediatric epilepsy cases, we confirmed the principal role of GABAA receptors in the induction of 4-AP oscillations, as blockade of these receptors with BIC greatly reduced their amplitude. However, network excitability was increased further as demonstrated by the occurrence of paroxysmal discharges, likely mediated by activation of glutamate receptors. Notably BIC, in combination with the GABAB receptor antagonist, phaclofen abolished 4-AP oscillations while simultaneously allowing the transition from an interictal to an ictal state in both CPNs and interneurons, particularly from CD and TSC cases.

GABAB receptors have been largely neglected compared to GABAA receptors in the treatment of epileptic patients. Most studies on epileptogenic mechanisms have concentrated on studying the role of GABAA receptors due to their ability to produce fast inhibition of excitatory neurons. Their potential to induce excitatory effects has also been examined profusely in developing brains (Ben-Ari, 2014, 2015). In contrast to GABAA receptors, which can mediate depolarizing and potentially excitatory actions, activation of postsynaptic GABAB receptors is always inhibitory. However, studies on the role of GABAB receptors in epileptogenesis are much more limited but their importance is becoming more and more recognized (Craig and McBain, 2014). The present study in pediatric epilepsy surgery patients confirms experimental data showing that GABAB receptors play a key role in the transition from interictal to ictal activity (Swartzwelder et al., 1987; Watts and Jefferys, 1993; Scanziani et al., 1994). They are also in line with multitude experimental studies demonstrating that antagonism of GABAB receptors is epileptogenic (Badran et al., 1997; Sutor and Luhmann, 1998; Prosser et al., 2001; Motalli et al., 2002; Uusisaari et al., 2002). In another study, it was shown that GABAB receptors also control the depolarizing response mediated by GABAA receptors as blocking GABAB receptors makes this depolarization excitatory and proconvulsant (Kantrowitz et al., 2005).

Another novel finding was that balloon/giant cells can also display membrane oscillations, suggesting that these undifferentiated cells, with variable expression of glial and neuronal markers (Cepeda et al., 2003; Jozwiak et al., 2006; Blumcke et al., 2011), can sense K+ accumulations. The oscillations in balloon/giant cells were significantly smaller and slower than those in CPNs and interneurons. At present, it remains unknown what the function of these oscillations in balloon/giant cells might be. However, based on the fact that these cells share more resemblance to astrocytes than neurons (Cepeda et al., 2006), it can be speculated that their function is to buffer K+ surges to prevent the occurrence of epileptic discharges. Interestingly, it has been reported that in CD type IIb, areas with balloon cells are less epileptogenic than adjacent cortex (Boonyapisit et al., 2003). Further, while ictal activity can be generated in areas with histopathologic CD type IIa, areas with CD type IIb do not show seizure activity, suggesting a possible protective role of balloon cells (Boonyapisit et al., 2003).

While multitude studies have emphasized that GABA interneuron synchrony jump starts focal seizures (Avoli et al., 1999, 2003; D’Antuono et al., 2004; Shiri et al., 2015; de Curtis and Avoli, 2016; Blauwblomme et al., 2018; Elahian et al., 2018), the respective role of GABAA and GABAB receptors has not been elucidated. Based on our observations, we can propose that relaxation of GABA inhibition mediated by GABAB receptors is responsible for the transition to ictal activity. In a previous study using CD tissue from mostly teenage and adult patients, D’Antuono et al. (2004) demonstrated that baclofen, a GABAB receptor agonist, stopped seizure activity induced by 4-AP and proposed that these receptors can be a target of AEDs. They also concluded that GABAA receptors lead to network synchrony and generation of ictal activity. While here we confirmed that GABAB receptors play a critical role in the modulation of seizure activity, our study also showed that GABAA receptors are not an absolute requirement for seizure generation since ictal activity was observed even after full blockade of these receptors with BIC.

What makes CD tissue particularly susceptible to proconvulsant drugs? The etiology, age of onset, and pathological substrates of pediatric epilepsy are very diverse. Thus, the sensitivity to proconvulsant and AEDs could be different depending on age and pathology. The most common substrate in epilepsy surgery patients less than 5 years of age is CD, a malformation characterized by architectural abnormalities (CD type I) of the cerebral cortex and, in severe cases, the presence of large, dysmorphic neurons and balloon cells (CD type IIa/b). The histopathology of TSC is very similar to that observed in CD type IIb. Interestingly, in pediatric epilepsy cases, GABA synaptic activity is not reduced. On the contrary, we demonstrated that GABAA receptor-mediated synaptic activity is increased compared with glutamatergic activity (Cepeda et al., 2005b) and in some cases GABA is depolarizing (Cepeda et al., 2007). More recently, we found that areas with pathological high-frequency oscillations (HFOs) had a significant increase in spontaneous GABA synaptic activity as well as pacemaker GABA synaptic activity (PGA) (Cepeda et al., 2014, 2019). In light of the present results, it can be speculated that such an increase can be the result of enhanced GABAergic interneuron excitability and dysfunction of presynaptic GABAB receptors (D’Antuono et al., 2004). Importantly, GABAB receptors are also present postsynaptically on CPNs, are always inhibitory via activation of inwardly rectifying K+ channels as well as inhibition of voltage-gated Ca2+ channels, and could dampen CPN excitability.

We also found that addition of a ketone body, BHB, reduced 4-AP oscillations and, presumably, cortical hyperexcitability. In pediatric epilepsy, the ketogenic diet has demonstrated beneficial effects. However, the antiepileptic mechanisms of this diet are multiple and still remain ill-defined (Rho, 2017; Simeone et al., 2017). Importantly, experimental studies have demonstrated that the ketone body BHB reduces seizure-like activity in a drosophila melanogaster model (Li et al., 2017). In the same study, it was shown that a KATP blocker or a GABAB receptor antagonist (CGP-55845) reversed BHB effects, providing conclusive evidence that the beneficial effects of the ketogenic diet are likely mediated by KATP channels and GABAB receptors. In pediatric epilepsy, a prospective study found a positive and strong correlation between measures of seizure frequency and BHB blood concentrations. Although the results did not reach statistical significance, likely due to the relatively small number of cases, a larger study is warranted (Buchhalter et al., 2017).



LIMITATIONS

We acknowledge that the present study has a number of important limitations. First and foremost, all patients were taking AEDs, some of which directly affect GABA transmission and potentially GABAA/B receptor function. Second, studies have shown that the slice preparation alters chloride concentrations due to trauma caused by the slicing procedure, so that more superficial cells have increased intracellular chloride and, in consequence, a more depolarized reversal potential (Dzhala et al., 2012). Third, our recordings were obtained at room temperature which, although helping preserve tissue integrity, it also decreases overall neuronal excitability (Javedan et al., 2002). Fourth, the GABAA receptor antagonist we used (BIC) also blocks the small Ca2+-activated K+ currents (Khawaled et al., 1999), which could further enhance neuronal excitability. Finally, in some experiments testing the GABAB receptor antagonist, phaclofen, we used a Cs-based internal solution. Cs+ is known to reduce inwardly rectifying K+ currents, which could have contributed to some of the findings. However, the same observations were confirmed using K-gluconate as the internal solution. Thus, in spite of these limitations, our work allows to reach several important conclusions.



CONCLUSION AND CLINICAL IMPLICATIONS

In conclusion, using the 4-AP model of epileptogenesis in combination with GABAA/B receptor antagonists, we demonstrate a critical role of GABAB receptors in the transition from interictal to ictal activity. When GABAB receptors are functional, they are able to prevent catastrophic excitation of CPNs. However, when they are disabled, ictal activity is facilitated. This implies that ensuring proper function of GABAB receptors is critical for keeping a normal balance between excitation and inhibition. Use of allosteric modulators of GABAB receptors at postsynaptic sites could hold promise as effective antiepileptic agents in cases of pediatric epilepsy not responsive to common AEDs (Morrisett et al., 1993; Ong and Kerr, 2005; Mares, 2012; Lang et al., 2014).



DATA AVAILABILITY STATEMENT

The data resulting in this publication are available from the corresponding author upon reasonable request and provided patient confidentiality is preserved.



ETHICS STATEMENT

The present study was approved by the IRB at UCLA (No. 11-000030-CR-00009). Parents or responsible persons signed written informed consents to allow use of pathological tissue samples for research purposes. No tissue was resected outside the area deemed affected by the pathology and required for seizure control.



AUTHOR CONTRIBUTIONS

GM, ML, and CC designed the study. GM resected the tissue samples. CC and JB performed slice recordings. CT, BV, SL, JB, and CC analyzed the electrophysiological data and prepared the figures. HV examined the pathological tissue samples and identified the histopathology. SL and CC co-wrote the manuscript. All the authors contributed to the final edition.



FUNDING

This study was supported by NIH grant NS38992 (GM).


ACKNOWLEDGMENTS

We deeply appreciate the patients and their parents for allowing the use of resected specimens for experimentation. We also thank the UCLA Hospital Pediatric Neurology staff for their assistance and dedication. Dr. Julia Chang and Ms. My N. Huynh performed the biocytin processing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2020.00054/full#supplementary-material

FIGURE S1 | Tetrodotoxin (TTX) and cadmium block 4-AP oscillations. (A) Voltage clamp recording (holding potential, Vh = +10 mV) of a pyramidal neuron from a CD type IIb case. 4-AP oscillations were completely blocked after 3 min bath application of TTX. (B) Current clamp recording (at RMP) of a pyramidal neuron from a CD type I case. Cadmium blocked 4-AP oscillations after 3 min bath application.

FIGURE S2 | 4-AP oscillations in balloon cells. (A) A balloon cell from a CD type IIb case was recorded and filled with biocytin. (B) Depolarizing current pulses were unable to induce action potentials (top right panel). However, bath application of 4-AP induced slow, small amplitude membrane depolarizations (bottom right panel), suggesting they might be sensing increases in K+ concentration.

FIGURE S3 | BIC inverts the polarity of 4-AP oscillations. (A) In the presence of BIC, 4-AP oscillations were depolarizing and accompanied by action potentials. After addition of BIC to the bath solution, the oscillations reversed polarity and became hyperpolarizing. (B) In this CPN 4-AP oscillations were biphasic (hyperpolarization followed by depolarization). After BIC, the oscillation was purely hyperpolarizing and inhibitory at two membrane potentials. Notice that the action potentials in the upper panels are truncated.

FIGURE S4 | Phaclofen enhances paroxysmal discharges in the zero Mg2+ model. (A) In this CPN from a CD type II case, removal of Mg2+ from the external solution increased cell excitability as reflected by spontaneous firing. (B) Addition of BIC induced rhythmic paroxysmal discharges. (C) After phaclofen burst duration was significantly increased.

FIGURE S5 | Enriched ACSF (BHB and pyruvate) blocks 4-AP oscillations. (A) A CPN was recorded and filled with biocytin. (B) In voltage clamp mode, at a +10 mV holding potential, spontaneous GABA synaptic activity was observed. After 4-AP, rhythmic oscillations (outward currents) were induced. A few minutes after switching the bathing solution to eACSF, 4-AP oscillations were abated. After wash out in normal ACSF, some 4-AP oscillations returned.
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mTORopathies are a heterogeneous group of neurological disorders characterized by malformations of cortical development (MCD), enhanced cellular mechanistic target of rapamycin (mTOR) signaling, and epilepsy that results from mutations in mTOR pathway regulatory genes. Homozygous mutations (del exon 9–13) in the pseudokinase STE20-related kinase adaptor alpha (STRAD-α; STRADA), an mTOR modulator, are associated with Pretzel Syndrome (PS), a neurodevelopmental disorder within the Old Order Mennonite Community characterized by megalencephaly, intellectual disability, and intractable epilepsy. To study the cellular mechanisms of STRADA loss, we generated CRISPR-edited Strada mouse N2a cells, a germline mouse Strada knockout (KO−/−) strain, and induced pluripotent stem cell (iPSC)-derived neurons from PS individuals harboring the STRADA founder mutation. Strada KO in vitro leads to enhanced mTOR signaling and iPSC-derived neurons from PS individuals exhibit enhanced cell size and mTOR signaling activation, as well as subtle alterations in electrical firing properties e.g., increased input resistance, a more depolarized resting membrane potential, and decreased threshold for action potential (AP) generation. Strada−/− mice exhibit high rates of perinatal mortality and out of more than 100 litters yielding both WT and heterozygous pups, only eight Strada−/− animals survived past P5. Strada−/− mice are hypotonic and tremulous. Histopathological examination (n = 5 mice) revealed normal gross brain organization and lamination but all had ventriculomegaly. Ectopic neurons were seen in all five Strada−/− brains within the subcortical white matter mirroring what is observed in human PS brain tissue. These distinct experimental platforms demonstrate that STRADA modulates mTOR signaling and is a key regulator of cell size, neuronal excitability, and cortical lamination.

Keywords: mTOR, megalencephaly, epilepsy, iPSC, mouse, seizure


INTRODUCTION

“Pretzel syndrome” (PS) also known as polyhydramnios, megalencephaly, symptomatic epilepsy syndrome (PMSE; OMIM#611087) is an autosomal recessive neurodevelopmental disorder characterized by megalencephaly (ME), severe developmental delay, and medically intractable epilepsy in association with intrauterine polyhydramnios and renal dysfunction (Puffenberger et al., 2007). Post-mortem histopathological examination of a single brain specimen revealed enlarged brain size, enhanced cortical neuronal size, and heterotopic neurons in the subcortical white matter, with preserved gyral patterning (Puffenberger et al., 2007). In all Mennonite individuals, PS is caused by a homozygous founder deletion spanning exons 9–13 of the STE20-related kinase adaptor alpha (STRADA) gene (17q23.3) although additional non-Mennonite (non-founder) STRADA variants associated with PS have been reported e.g., a consanguineous Asian pedigree, c.842dupA, p.D281fs (Bi et al., 2016), and a consanguineous Turkish pedigree, c.891dupC; p.C298Lfs* (Evers et al., 2017), demonstrating that STRADA is relevant outside of the Mennonite community as an epilepsy and ME gene.

STRADA modulates the mechanistic target of rapamycin (mTOR) pathway as part of the LKB1/STRADA/MO25 complex that signals via AMPK (Hawley et al., 2003), to TSC1/TSC2/TBC1D7 and then to mTOR in response to many upstream cellular cues including cellular ATP levels (Crino, 2016). STRADA is a pseudokinase that augments LKB1 kinase activity when bound to LKB1 (Boudeau et al., 2003). In the absence of STRADA, LKB1 has minimal kinase activity, and thus it cannot phosphorylate one of its primary substrates, AMPK. Interestingly, knockout of Lkb1 in mice leads to abnormal brain development (Asada et al., 2007; Barnes et al., 2007) yet variants in LKB1 and MO25 are not linked to human epilepsy or cortical malformations.

shRNA-mediated knockdown (KD) of Strada in mouse neural progenitor cells in vitro causes rapid activation of the mTOR signaling cascade and enhanced cell size, a phenotype commonly seen with activated mTOR pathway signaling (Orlova et al., 2010). Strada KD causes altered cell polarity, disorganized Golgi assembly, and altered motility, effects that can be prevented with the mTOR complex 1 (mTORC1) inhibitor rapamycin (Parker et al., 2013). Strada KD in fetal mouse brain by in utero electroporation at embryonic day 14–15 causes a cortical lamination defect with heterotopic neurons in the white matter, an effect that can be prevented with the mTOR inhibitor rapamycin. Interestingly, germline Strada knockout (KO) is a perinatal lethal phenotype with death on or around post-natal day 2 (Veleva-Rotse et al., 2014). These animals exhibit defects in axonogenesis but brain structure is otherwise intact. Finally, the treatment of PS individuals with rapamycin (sirolimus) can alter seizure frequency but does not affect intellectual disability (Parker et al., 2013).

To more fully define the role of STRADA in brain development, we have generated a Strada KO mouse strain carrying the same mutation (del exon 9–13) as humans with PS and we have generated induced pluripotent stem cells (iPSCs) from fibroblasts obtained from PS patients to derive neurons for morphological and electrophysiological analysis.



MATERIALS AND METHODS


CRISPR/Cas9 Construct Generation and Validation

Guide RNA targeting the spCas9 endonuclease to regions in the mouse genome encoding Strada (-AGTCGCCATTGGAAGGCCGGAGG-) were calculated in silico using ChopChop software (chopchop.cbu.uib.no). A scramble gRNA (-GACTACCAGAGCTAACTCA-) was used as a transfection and gRNA control. In silico guide RNAs were then assembled into oligonucleotides (Integrated DNA Technologies, Coralville, IA, USA), annealed using ligase buffer (Promega, Madison, WI, USA) at 98°C for 5 min. Annealed gRNA was then sub-cloned into PX330-based plasmid (addgene #48138) using Golden Gate Assembly containing a mCherry reporter linked to Cas9 via a T2a multicistronic element. Plasmid assembly was confirmed by Sanger sequencing (Genewiz, South Plainfield, NJ, USA).

To validate that our gRNA containing CRISPR/Cas9 plasmid created indels in our regions of interest, DNA from Strada, and scramble FAC-sorted cells lines (as described below) as well as wildtype (WT) N2aC was assayed for mismatched DNA pairs (EnGen Mutation Detection Kit; New England Biolabs, Ipswich, MA, USA) with PCR primers targeted towards our genomic region of interest (Integrated DNA Technologies, Coralville, IA, USA).



Cell Culture and Establishment of CRISPR KO Cell Lines

Neuro2a cells (N2aC; Sigma–Aldrich, St. Louis, MO, USA) were cultured in complete medium consisting of EMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS (Invitrogen, Carlsbad, CA, USA). To create stable CRISPR/Cas9 edited cell lines, N2aC were transfected using Lipofectamine LTX with Plus reagent (Thermo Fisher Scientific, Waltham, MA, USA) and 30 μg of plasmid diluted in 300 μl Opti-MEM (Invitrogen, Carlsbad, CA, USA) for 48 h. Co-transfection experiments were performed by using 30 μg of each plasmid. After 48 h of transfection, cells were trypsinized (0.25%), centrifuged, washed with ice-cold PBS, passed through a cell strainer into a 5 ml conical tube and assayed by flow cytometry (University of Maryland School of Medicine Flow Cytometry Core) for sorting based on mCherry (Cas9) fluorescence (BD FACSAria II cell sorter; Becton Dickinson and Company, Franklin Lakes, NJ, USA). mCherry+ sorted cells were placed into PBS containing 1% serum until re-plating. Cells were re-plated in complete media and grown to confluence.



Immunocytochemistry

N2aC were fixed in 4% PFA at room temperature (RT) for 20 min and then permeabilized in phosphate-buffered saline (PBS) containing 0.3% Triton X-100 (Thermo Fisher Scientific, Waltham, MA, USA). Cells were blocked for 2 h at RT in 5% normal goat serum (Jackson ImmunoResearch, West Grove, PA, USA). Cells were incubated in one of the following primary antibodies in blocking solution containing 5% normal serum at 4°C overnight: rabbit monoclonal to phospho-S6 ribosomal protein (Ser235/236, 1:1,000; Cell Signaling).



Human Fibroblasts Isolation and Culture

PS patient (n = 2) and control (n = 2) human fibroblasts were obtained from skin-punch biopsies at the Clinic for Special Children (CSC) in Lancaster, PA, USA, following informed consent. Skin biopsies were performed following approved Institutional Review Board protocols at the University of Pennsylvania and Temple University (where the study was initiated), and Lancaster General Hospital (Lancaster, PA, USA). Parents provided informed consent before their child’s participation.

Fibroblasts were extracted from tissue samples by incubation in 0.25% Trypsin/EDTA (Gibco) overnight at 4°C. The next day, the epidermis was removed, and dermis was digested with Collagenase P (Roche) buffered in 130 mM sodium chloride (Sigma–Aldrich), 10 mM calcium acetate (Sigma–Aldrich), and 20 mM HEPES buffer for 30 min at 37°C. Then 0.5% Trypsin/EDTA (Gibco) was added, and the mixture was incubated at 37°C for an additional 10 min before neutralization with fibroblast culturing media, composed of DMEM supplemented with 10% FBS (Sigma–Aldrich), 10 mM HEPES buffer, 1% penicillin/streptomycin (10,000 U/ml penicillin, 10 mg/ml streptomycin stock), and 1% fungizone. Fibroblasts were pelleted through centrifugation for 5 min at 1,500 rpm, and the pellet was resuspended in fibroblast culturing media to obtain the desired cells.



Fibroblast Reprogramming and iPSC Culture

Fibroblasts were cultured in DMEM, 10% FBS, 1X L-glutamine, 1 mM MEM non-essential amino acids (NEAA), 50 U/ml penicillin, and 50 μg/ml streptomycin (all from Life Technologies, Carlsbad, CA, USA) at 37°C and 5% CO2. For retroviral reprogramming (Liu et al., 2013), viral stocks were obtained using GP2–293 packaging cells (Clontech, Mountain View, CA, USA) and retroviral vectors encoding Oct3/4, Sox2, Klf4 and c-Myc on a pMXs backbone (Addgene, Cambridge, MA). Fibroblasts plated in 6-well plates (30,000 per well) were transduced with retroviruses, followed by a second round of transduction the next day. After 4 days, fibroblasts were passaged onto mouse embryonic fibroblasts (MEFs, GlobalStem, Rockville, MD, USA) using 0.25% trypsin (Life Technologies) and switched 1 day later to a stem cell medium containing: DMEM/F12, 20% knock-out serum replacement, 1X L-glutamine, 1 mM MEM non-essential amino acids, 50 U/ml penicillin, 50 μg/ml streptomycin, 4 μg/ml FGF2 (Life Technologies) and 100 μM β-mercaptoethanol (Sigma–Aldrich, St., Louis, MO, USA). Fibroblasts from PS subject 2 were reprogrammed using an episomal method (Okita et al., 2011). Fibroblasts were electroporated with plasmids pCXLE-hOCT3/4-shp53-F, pCXLE-hSK, and pCXLE-hUL (Addgene# 27077, 27078, and 27080, respectively; gift from Shinya Yamanaka). Fibroblasts were grown in TeSR-E7 (StemCell Technologies, Vancouver, BC, USA) media for 17–21 days before picking single iPSC colonies.

iPSC colonies appeared and were manually picked and passaged onto MEFs and grown with stem cell medium or plated onto Matrigel (1:250 dilution in DMEM/F12; BD Biosciences, San Jose, CA, USA) and grown with mTeSR1 (StemCell Technologies). iPSCs were passaged weekly using either 5 mM AccuGENE EDTA (diluted 1:100 in DPBS without calcium or magnesium; Lonza, Basel, Switzerland), Versene (Life Technologies), or Dispase (Thermo Fisher Scientific, Waltham, MA, USA). For passaging with EDTA or Versene, culture medium was supplemented with 10 μM Y-27632 ROCK inhibitor (EMD Millipore, Darmstadt, Germany) for 24 h (Narumiya et al., 2000). After six passages the cells were evaluated for pluripotency by immunocytochemistry (ICC) and embryoid body differentiation. For embryoid body experiments, iPSC colonies were grown in suspension for a week, passaged onto 0.1% porcine type A gelatin (Sigma) for another week and processed for ICC. iPSC samples were karyotyped by Cell Line Genetics (Madison, WI, USA).



Neuronal Differentiation

iPSCs were dissociated with Versene or Accutase (Innovative Cell) and plated on Matrigel or CELLstart (Life Technologies). Upon reaching 95% confluence, the culture medium was switched to 3N medium (Shi et al., 2012), a 1:1 mix of N2 (DMEM/F12, 1X N2, 5 μg/ml insulin, 1 mM L-glutamine, 1X MEM NEAA, 100 μM 2-mercaptoethanol, 50 U/ml penicillin, 50 μg/ml streptomycin) and Neurobasal (with 1X B27, 1 mM L-glutamine, 50 U/ml penicillin and 50 μg/ml streptomycin) supplemented with 10 μM SB431542 and 1 μM Dorsomorphin (both from Tocris, Bristol, UK). The medium was changed daily for 12 days, then the cell monolayer was broken into aggregates of 300–500 cells with Dispase. The aggregates were resuspended in 3N media and then plated on Matrigel and grown in 3N media without supplements. Culture media was exchanged every 48 h. After neural rosettes appeared, the medium was supplemented with 20 ng/ml of FGF2 for 4 days and the aggregates were passaged with Dispase and cultured in unsupplemented 3N media. When neurons appeared at the edges of the colonies, cells were dissociated with Accutase and replated on Matrigel for immunocytochemistry.



Immunocytochemistry and Morphometric Analysis of iPSC Derived Neurons

Cells were plated on Matrigel and cultured for 1 week (for iPSCs or embryoid bodies) or 3–5 weeks (for neuronal cultures). The cells were rinsed with PBS and fixed in 4% paraformaldehyde (PFA) for 30 min, then washed twice in PBS at RT for 10 min. Cells were permeabilized in 0.2% Triton X-100 (Sigma; diluted in PBS) for 5 min at RT, and then blocked in a buffer containing 10% normal goat serum, 0.05% Triton X-100 and 1% bovine serum albumin (Sigma) diluted in PBS for 1 h at RT. Primary antibodies (Table 1) were resuspended in blocking buffer and incubated with the cells overnight at 4°C. After three washes (10 min each) with PBS, cells were incubated in secondary antibodies (Table 1) at a 1:400 dilution in blocking buffer for 90 min at RT. Nuclei were stained with bisbenzamide (Invitrogen; 1:5,000 dilution in PBS) for 5 min at RT. Cells were then washed three times with PBS. Images were obtained with a Leica DMI 6000B epifluorescent microscope using the Leica Application Suite Advanced Fluorescence software (Leica Microsystems Inc., Buffalo Grove, IL, USA) and analyzed using ImageJ (NIH, Bethesda, MD, USA). For quantification of P-S6 immunoreactivity, ROIs were created around the somatic region of control and PS cells using the MAP2 channel, and average non-zero pixel intensity in the P-S6 channel was determined for each cell. Somatic P-S6 intensities for each cell were normalized to the average control value and expressed as a percent of control. Changes in P-S6 expression were analyzed using an unpaired student’s t-test (two-tailed).

TABLE 1. Primary and secondary antibodies used for ICC.

[image: image]

To analyze neuronal differentiation, neuronal cultures were stained for doublecortin (DCX) and neuron-specific-βIII-tubulin (TUBB3) to detect immature neurons, and microtubule-associated protein 2ab (MAP2ab) to detect mature neurons (Table 1). Samples stained for mature and immature neuronal markers were used for soma size measurement by tracing the soma of individual neurons in ImageJ. A calculated area was then obtained based on the scale bar value of the images.



Data Quantification and Statistical Analysis

Cell lysates were electrophoresed and probed with the following primary antibodies: rabbit monoclonal to phospho-S6 ribosomal protein (P-S6; Ser235/236, 1:1,000; Cell Signaling), rabbit polyclonal anti-LYK5 (recognizes STRADA; 1:500; Abcam), and rabbit monoclonal to GAPDH (1:1,000; Cell Signaling). At least two separate samples were taken for each cell line per differentiation and processed as described in the “Materials and Methods” section. WB films were digitized and the images analyzed using the Gel Analysis function of ImageJ. Bands for P-S6 were measured and the values normalized to the signal of GAPDH (used as a loading control) for each sample using a fixed window size. A second normalization was performed to the sample with the highest ratio in the same WB film. Average ratios per iPSC cell line were compared using ANOVA and planned contrasts, with statistical significance set at 0.05, in R Core Team (2014). For soma size measurements, 2 separate differentiations were performed per experimental group, and neuronal cultures were stained for DCX, TUBB3, and MAP2 antibodies as described above. For each differentiation and experimental group 5–10 random fields-of-view (FOV) were imaged, and 100 cells positive for each marker selected for measurement. The soma of each selected cell was traced using ImageJ and the resulting areas were pooled for each experimental group. Statistical comparisons were performed using unpaired, two-tailed Student’s t-test. Patch-clamp recording data were analyzed for significance using unpaired, two-tailed Student’s t-test to compare passive and active electrophysiological properties between experimental groups. The proportions of spontaneously active neurons between control and PS groups were compared using the two-tailed Chi-square test.



Whole-Cell Patch-Clamp Recordings

Neuronal cultures were plated on glass-bottom dishes (MatTek, Ashland, MA, USA) or coverslips coated with Matrigel and cultured in BrainPhys medium (Bardy et al., 2015) for 8–12 weeks before recordings were made. Immediately before electrophysiological recordings, dishes/coverslips with either patient or control neurons were transferred to a recording chamber filled with fresh, CO2-saturated BrainPhys and stabilized for at least 10 min. In our experience, neurons remain healthy in Hibernate A for approximately 2–3 h outside of the incubator, and all electrophysiological recordings from a given culture were completed within 1.5 h.

Recording micropipettes were pulled from capillary glass (type 7052, outer diameter/inner diameter 1.65/1.1 mm; World Precision Instruments, Sarasota, FL, USA) using a Flaming/Brown P-97 pipette puller (Sutter Instruments, Novato, CA, USA) to obtain pipettes with a resistance of 3.0–5.0 MΩ. Whole-cell recordings were made in voltage-clamp and current-clamp mode of an Axon amplifier with pClamp 10.0 software (Molecular Devices LLC, Sunnyvale, CA, USA) and digitized using a Digidata 1440A digitizer (Molecular Devices). Data were filtered at 3 kHz and digitized at 20 kHz. Neurons were visualized on an upright microscope (Olympus, Center Valley, PA, USA) under differential interference contrast using an Olympus OLY-150 IR CCD camera. Micropipettes were filled with an internal solution containing (in mM): 120 potassium gluconate, 20 KCl, 10 HEPES, 0.2 EGTA, 2 MgCl*6H2O, 4 Na2 ATP, 0.3 Tris-GTP, 7 phosphocreatine, pH adjusted to 7.25 with KOH. Passive properties (input resistance, series resistance, and capacitance) were monitored in voltage-clamp mode throughout recordings and only cells with stable properties were further analyzed.

Current-clamp recordings were performed to study intrinsic excitability and action potential (AP) firing properties. For some recordings, neuronal cultures were previously transfected with a lentiviral vector carrying a GFP reporter driven by the CaMKIIα promoter to aid in the prospective identification of mature neurons. After establishing a whole-cell configuration and measuring passive properties under voltage clamp, the recording mode was switched to current-clamp and resting membrane potential was recorded. Some neurons exhibited spontaneous AP firing while others displayed a depolarized membrane potential preventing them from generating APs, likely due to the inactivation of sodium channels. Therefore, a continuous injection of hyperpolarizing current was applied until they stopped firing and their membrane voltage reached approximately −60 to −65 mV to study their intrinsic excitability. To ensure proper comparisons between neurons resting at variable potentials and having different levels of spontaneous activity, all intrinsic excitability studies were performed on cells hyperpolarized to the same level via hyperpolarizing current. Neurons were initially depolarized with a brief high amplitude current injection to evoke a single AP followed by a series of 1-second-long depolarizing steps of increasing amplitude to study repetitive AP firing.

Voltage clamp recordings were performed to assess the presence of sodium and potassium conductances as well as spontaneous synaptic activity. Briefly, to record Na+ and K+ currents neurons were held at −60 mV and received a series of 200 ms long voltage steps from −100 to +90 mV. Spontaneous excitatory postsynaptic currents (PSCs) were recorded in a gap-free mode for 3 min at holding potential set at −60 mV.



Germline Mouse KO

An exon 9–13 deletion (6200 bp) homologous to the human PS locus (7304 bp deletion spanning exons 9–13) was engineered into C57/Bl6N mice with a Neo cassette and two LoxP sites (Supplementary Figure S1). Heterozygous (+/−) and homozygous (−/−) animals were bred in combination, but perinatal lethality was noted in litters following both breeding approaches; we did not generate enough viable Strada−/− pups for Strada−/− matings. Germline Strada KO (Strada) was confirmed by Southern blot (Supplementary Figure S2). Litters were monitored for behavioral abnormalities (movement, suckling, seizures) from P0-P30 by direct observation and continuous 12-h video-monitoring. Body masses (grams) were obtained for all live pups at select post-natal dates. Wildtype, Strada+/− and Strada−/− animals were sacrificed via ice anesthesia and intracardial perfusion (P0–P20) or by CO2 asphyxiation followed by intracardial perfusion (P21+) with PBS. Brain specimens were fixed in 4% PFA, paraffin-embedded, and sectioned at 10 microns. The sections were probed with antibodies targeting P-S6. Slides were counterstained with DAPI and imaged on a fluorescent microscope. All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania School of Medicine, Temple University, Philadelphia, PA, and the University of Maryland School of Medicine, Baltimore, MD, USA (where the studies were performed).




RESULTS


Enhanced mTOR Signaling

CRISPR KO of Strada in mouse N2a cells resulted in enhanced S6 phosphorylation compared with wildtype N2a cells (Figure 1) as previously demonstrated following the shRNA knockdown of Strada in mouse neural progenitor cells in vitro and in vivo (Orlova et al., 2010; Parker et al., 2013). As in these previous studies, there was no change in non-phosphorylated S6 levels (data not shown) following Strada CRISPR editing.
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FIGURE 1. Immunocytochemistry showing enhanced phosphorylation of ribosomal S6 protein in CRISPR-edited Strada N2a cells vs. wildtype (WT) cells. Scale bar, 250 microns.





iPSCs and Derived Neurons

Patient 1: fibroblasts were obtained from a 4-year-old child with PS who was non-verbal and suffered from recurrent seizures. Germline STRADA mutation was confirmed by Sanger sequencing. Patient 2: fibroblasts were obtained from a 3-year-old child with genotype-confirmed PS, with intractable seizures and severe intellectual disability. Fibroblasts from two separate healthy 1-year-old individuals as well as commercially available foreskin fibroblasts (GlobalStem) were used to generate control iPSCs. Fibroblasts were reprogrammed to iPSCs by retroviral transduction or episomally with plasmid electroporation of OCT3/4, KLF4, SOX2, and c-MYC (see “Materials and Methods” section). Two iPSC clones were expanded from each of the patients’ fibroblasts and 2–3 from each control. All clones showed immunoreactivity for the pluripotency markers OCT3/4, SSEA4, NANOG and SOX2 (Figures 2A–D, and data not shown). The ability of the clones to differentiate into all three germ layer derivatives was tested with an embryoid body assay. All iPSCs were differentiated into cells expressing either α-fetoprotein (endoderm), smooth muscle actin (mesoderm) and βIII-tubulin or glial fibrillary acidic protein (GFAP; ectoderm; Figures 2E–G and data not shown), confirming pluripotency. The karyotype of all cell lines was normal (data not shown).
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FIGURE 2. Pretzel Syndrome (PS) induced pluripotent stem cell (iPSC) pluripotency and neuronal differentiation. (A–D) iPSCs obtained from reprogramming PS fibroblasts were immunostained for the pluripotency markers (in green) OCT3/4 (A), SSEA4 (B), NANOG (C) and SOX2 (D). (E–G) Embryoid bodies differentiated from PS iPSCs contained cells from all three germinal layers (green): AFP (E; endoderm), GFAP (F; ectoderm) and SMA (G; mesoderm). (H,I) Neuronal differentiation of PS iPSCs yields mostly microtubule-associated protein 2ab (MAP2ab)/vesicular glutamate transporter type 1 (VGLUT1) double-labeled (H) or MAP2ab-positive and gamma-aminobutyric acid-negative (I) mature excitatory and rare GABA+ inhibitory cortical-like neurons. Bisbenzimide nuclear stain is in blue in all panels. Scale bars: 100 μm in (A) for (A–C) and (G); 75 μm in (D), in (E) for (E,F), and in (I) for (H,I).





Neuronal Differentiation

iPSCs were differentiated into a neuroepithelial monolayer using dual SMAD inhibitors. Neuroepithelial cells were mechanically disrupted and passaged in a culture medium containing Neurobasal, DMEM/F12, N2, B27, and insulin to generate neural rosettes, and then differentiated into neurons. The resulting neuronal cultures contained a mixture of neural progenitors, mature and immature neurons, and astrocytes (data not shown). After 3–5 weeks of differentiation, patient and control cultures contained both glutamatergic and GABAergic neurons, with a predominance of the former (Figures 2H,I) as expected with the dual SMAD inhibitor differentiation protocol we used.



STRADA Deletion and Loss of STRADA Expression

We used PCR and Western blot to confirm the expected deletion in the STRADA gene and loss of protein expression in cells from PS individuals targeted PCR using primers spanning STRADA exons 9–11 failed to generate an amplicon from the PS fibroblasts thus confirming the deletion of exons 9–13 that is common to all Mennonite PS individuals, whereas STRADA amplicons were generated from control fibroblasts (Figure 3C). Amplicons for each primer set were also generated from control lymphoblasts and post-mortem control brain tissue (data not shown). Western assay did not detect STRADA protein in PS iPSCs or neurons but did detect STRADA protein in control neurons (Figure 3D). These data confirm the exon 9–13 deletion in the PS patient fibroblasts that were used to derive our iPSCs, and the loss of STRADA protein expression in iPSCs and derived neurons.
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FIGURE 3. STRADA and phosphorylated ribosomal-S6 (p-S6) expression in iPSC-derived control and PS neurons. (A) Immunocytochemistry for p-S6 of control vs. PS iPSC-derived neurons immunolabeled for p-S6 and MAP2abc. P-S6 signal is displayed as an intensity map (fire, NIH ImageJ), Scale bar = 40 um. (B) Mean p-S6 immunocytochemical signal intensity of control- vs. PS-derived MAP2+ neurons. The bar graph represents mean ± SD, with values normalized to the mean of the control samples. *p < 0.05 (t-test). (C) Targeted PCR using primers spanning STRADA exons 9–10. Lane 1, beta-globin (β-glb) detected in control (Con) individual fibroblast DNA (250 bp product); Lane 2, β-glb detected in PS fibroblast DNA; Lane 3, detection of STRADA exons 9–10 in control fibroblast genomic DNA (598 bp product); Lane 4, absence of STRADA exons 9–10 in PMSE fibroblast genomic DNA. (D) Western blot for: (1) STRADA protein (top row) showing absent expression in iPSCs and neurons derived from PS fibroblasts compared with control derived neurons (Con); (2) p-S6 protein (middle row) displaying increased p-S6 in PS neurons compared to PS iPSCs and control neurons; and (3) GAPDH loading control (bottom row).





mTOR Activation and Cytomegaly

To assay for increased mTOR activation in PS iPSCs and neurons, we measured ribosomal S6 protein phosphorylation (S235/236). We found increased phosphorylation of S6 in PS-derived neurons compared with control cells by both Western blot (p = 0.02) and ICC (p < 0.05; Figures 3A,B,D). There was no change in non-phosphorylated S6 levels (data not shown). These results indicate that the effects of STRADA deletion on mTOR signaling in our derived neurons are similar to those seen in animal models of PS, as well as human PS brain specimens and fibroblast cultures.

mTOR hyperactivity is associated with cytomegaly and cell size is enhanced in human PS brains (Puffenberger et al., 2007). To examine whether PS patient-derived cells exhibit cytomegaly, we measured soma sizes of PS and control iPSC-derived immature and mature neurons. Immature neurons were immunolabeled with either DCX or neuron-specific-βIII-tubulin (TUBB3; TuJ1 clone). We found significantly increased soma area in neurons derived from two PS patient 1 clones (PS 1a and 1b) compared to two different human control iPSC-derived neurons (Figures 4A,B). Mature PS iPSC-derived neurons immunolabeled for MAP2ab also exhibited significantly greater soma area compared to controls (Figure 4C); the differences appeared greatest in the mature neurons (note different scale bars between A/B and C in Figure 4). We also reproduced these results using iPSCs from PS subject #2 and an additional control iPSC line. Two neuronal differentiations were labeled with DCX, and four differentiations with TUBB3 and MAP2ab. With each differentiation, the sizes were normalized to the mean control soma size to control for batch variation. We again found increased soma size in the PS cells (Figures 4D–F). Taken together with the data above, these findings demonstrate that loss of STRADA in PS patient-derived neurons leads to cytomegaly as seen following Strada KD (Orlova et al., 2010) or Strada KO via CRISPR (Figure 1).
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FIGURE 4. PS iPSC-derived neurons have larger soma compared to control neurons. Soma size was measured for each experimental group using markers for immature (DCX, TUBB3) and mature (MAP2ab) neurons. Violin plots with quartiles are displayed. (A–C) Two control cell lines (Con) and two cell lines from PS subject 1 were quantified from two independent neuronal differentiations, and the data for each genotype were combined. (A) Neurons labeled for DCX. Con n = 432 PS 1: n = 438. (B) Neurons labeled for TUBB3. Con: n = 426, PS 1: n = 431. (C) Neurons labeled for MAP2ab. Con: n = 433, PS 1: n = 434. (D–F) Neuronal differentiations were repeated using a separate control cell line (Con) and one cell line from PS subject 2 (PS 2). For each differentiation, soma size was normalized to the control neurons to account for batch to batch variation. Two independent neuronal differentiations were quantitated for DCX (D) and four independent differentiations were quantitated for TUBB3 (E) and MAP2ab (F). (D) Neurons labeled for DCX. Con: n = 563, PS 2: n = 1,711. (E) Neurons labeled for TUBB3. Con: n = 866, PS 2: n = 2,430. (F) Neurons labeled for MAP2ab. Con: n = 430, PS 2: n = 1,944. Statistical analysis was performed using an unpaired Student’s t-test with Welch’s correction. ****p < 0.0001.





PS Neurons Show a Subtle Electrophysiological Phenotype

We next investigated whether STRADA deletion alters neuronal excitability in a manner that might explain the severe seizure phenotype seen among PS patients. We performed whole-cell patch-clamp recordings on patient and control iPSC-derived neurons to address this question. Analysis of passive neuronal properties from the two PS subjects and two controls showed that PS patient-derived neurons have increased input resistance and a more depolarized resting membrane potential when compared to controls (Figures 5A,B). Additionally, the majority of both control and patient neurons fired spontaneously in vitro (Figure 5C), although there were no statistically significant differences in tonic firing (Figures 5D,E). We next examined different characteristics of evoked firing including the ability of neurons to fire repetitive APs, excitability, AP threshold and maximum firing rate (Figures 5F–H). PS patient-derived neurons showed a statistically significantly decreased threshold for initial AP generation (Figure 5J), consistent with their increased input resistance and depolarized resting membrane potential. No significant differences were seen between PS and control neurons for the other measures of evoked AP firing (Figures 5H,I,K).
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FIGURE 5. Electrophysiological properties of PS patients and control neurons. (A) Summary data of Input Resistance, data represented as Mean ± SEM; sample sizes: Control (gray bar) n = 31, Patient (black bar) n = 27; Unpaired Student’s t-test, ****p < 0.0001. (B) Summary data of Resting Membrane Potential, data represented as Mean ± SEM; sample sizes: Control (gray bar) n = 31, Patient (black bar) n = 27; Unpaired Student’s t-test, **p = 0.0016. (C) The fraction of neurons firing spontaneously at −40 mV, data represented as a fraction of the total cell number; black bar- neurons with spontaneous firing, gray bars- neurons with no spontaneous firing; sample sizes: Control n = 31, Patient n = 27; Fisher’s exact test, p = 0.0913 (n.s.). (D) Distribution of the pattern of spontaneous firing represented as fraction of total of all cells with spontaneous firing; sample sizes: Control = 28, Patient = 19; Chi-square test χ = 3.987, df = 2, p = 0.1362 (n.s.). (E) Example recordings of three different spontaneous firing patterns: Tonic, Bursting and Episodic. (F) A fraction of neurons firing repetitive evoked action potentials (APs), data represented as a fraction of the total cell number; black bar- neurons with repetitive firing, gray bar- neurons with no repetitive firing; sample sizes: control n = 28, Patient n = 26; Fisher’s exact test, p > 0.999 (n.s.). (G) Example recordings of a series of depolarizing current injections to a neuron demonstrating no repetitive firing (top gray traces) and a neuron firing repetitively (bottom black traces). (H) Summary data of the Total Evoked APs, data represented as Mean ± SEM; sample sizes: Control (gray bar) n = 27, Patient (black bar) n = 22; Unpaired Student’s t-test, p = 0.5634 (n.s). (I) Input-Output curves characterizing excitability of neurons derived from control and mutant neurons, data represented as the mean number of APs (Y-axis) evoked with a given current injection (X-axis); sample sizes: Control (solid gray line) n = 27, Patient (solid black line) n = 22, dotted lines represent the range of SEM for each experimental group; multiple t-tests for each current step, adjusted p values n.s. (J) Firing threshold represented as minimum current required to evoke action potential (AP) firing, data represented as Mean ± SEM; sample sizes: Control (gray bar) n = 26, Patient (black bar) n = 22; Unpaired Student’s t-test, *p = 0.0468. (K) Maximum Evoked Firing Frequency, data represented as Mean ± SEM; sample sizes: Control (gray bar) n = 26, Patient (black bar) n = 22; Unpaired Student’s t-test, p = 0.8784 (n.s.). For all recordings, no differences were found between the two patient lines and they were pooled.



Voltage clamp experiments to study sodium and potassium conductances revealed no differences in currents between the PS patient and control neurons (Figures 6A–D). Interestingly, we did find a difference in spontaneous synaptic activity, with PS patient-derived cells displaying a much lower prevalence of spontaneous postsynaptic currents (sPSCs) than control cells, suggesting a delayed or altered network connectivity formation (Figures 6E,F). Neurons that did exhibit spontaneous synaptic activity did not differ between the two experimental groups in terms of sPSC frequency or amplitude (Figures 6G,H). Together, these findings indicate that PS neurons have an electrophysiological phenotype consistent with increased intrinsic excitability and decreased synaptic activity, both of which may relate to delayed neuronal maturation.
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FIGURE 6. Sodium and Potassium conductances and synaptic activity in control and mutant neurons. (A,B) Example recording (A) and voltage-clamp protocol (B) used to evoke voltage-gated sodium and potassium conductances. (A) Series of the voltage clamp traces recorded from the control neuron. Inward fast currents, expanded in the inset window, demonstrate the presence of the sodium conductances. Peak Na current is labeled with black arrowheads. Outward slow conductances measured at the end of the voltage step (labeled with gray solid line) represent slow potassium currents. (B) Series of 200 ms voltage steps from −100 to +90 mV at 10 mV intervals, holding potential between steps is −60 mV. (C) Summary data of slow potassium conductances represented as Mean ± SEM current density (Y-axis) in function of voltage (X-axis); sample sizes: Control (solid gray line) n = 20, Patient 2 (solid black line) n = 12; multiple t-tests for each current step, adjusted p values n.s. (D) Summary data of peak sodium currents represented as Mean ± SEM current density; sample sizes: Control (gray bar) n = 20, Patient 2 (black bar) n = 12; Unpaired Student’s t-test, F = 0.7385, p = 0.3526 (n.s). (E) Example traces of recordings of spontaneous postsynaptic currents (PSCs) acquired in voltage-clamp mode with the membrane clamped at −60 mV. Control—gray, Patient 2–black. (F) Summary data of the proportion of neurons demonstrating spontaneous synaptic activity, data represented as a fraction of recorded cells with (black) and without (gray) detected PSCs; sample sizes: Control n = 19, Patient 2 n = 12; Fisher’s exact test, df = 2, *p = 0.0316. (G) Summary data of PSCs Frequency (only PSCs-positive cells), data represented as Mean ± SEM; sample sizes: Control (gray bar) n = 17, Patient 2 (black bar) n = 6; Mann–Whitney test, exact p = 0.5069 (n.s.). (H) Summary data of PSCs Amplitude (only PSCs-positive cells), data represented as Mean ± SEM; sample sizes: Control (gray bar) n = 17, Patient 2 (black bar) n = 6; Mann–Whitney test, p = 0.2863 (n.s.).





Strada KO Mouse

Previous work has shown that germline Strada KO is associated with a perinatal lethal phenotype with death occurring by post-natal (P) day 2 (Veleva-Rotse et al., 2014). Our C57/Bl6N Strada−/− strain (del exon 9–13) showed reduced survival of Strada−/− pups within the first five post-natal days and thus out of more than 100 litters yielding both WT and heterozygous pups, only eight Strada−/− animals from eight distinct litters (five females, three males) survived past P5, four into adulthood; multiple Strada−/− mice were never found in the same litter. The oldest living Strada−/− mouse in our colony is 10 months old. All heterozygous (Strada+/−) mice were identical in appearance and behavior to wildtype animals with no obvious behavioral or motor phenotype and clinical seizures were not observed in either Strada +/− or Strada −/− mice. Of note, Strada +/− females had either litters that were smaller than WT (<3 pups) or no litters at all, despite constant breeding. Indeed, despite heterozygous/heterozygous and heterozygous/homozygous mating attempts (we did not generate enough viable Strada−/− adults for matings), Strada−/− pups were very infrequently found.

Overall observation of all Strada−/− mice revealed reduced body size compared to either Strada+/− or wildtype littermates. All Strada−/− animals had a dysmorphic skull structure with a domed appearance and maloccluded incisor teeth (Figure 7). The large incisors and malocclusion were seen in all eight Strada−/− mice and interfered with successful feeding. Veterinary medicine staff removed the incisors to facilitate feeding. Strada−/− mice were hypotonic with limited mobility in the cage, and when attempting to ambulate they exhibited marked tremor. Under direct observation, the pups had clear difficulties initiating and maintaining suckling in comparison with Strada+/− pups. All Strada−/− mice had properly formed anterior cruciate ligaments (ACL), unlike some PS patients who have congenital absence of the ACL (data not shown; Puffenberger et al., 2007).
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FIGURE 7. Effects of Strada loss on development. Strada−/− animals had a dysmorphic skull structure with domed appearance and maloccluded incisor teeth (arrow). The animal body size was consistently smaller than either WT or heterozygous mice (Het).



Neuropathological analysis of Strada−/− mice (n = 5; ages P2–P20) demonstrated that the brains were enlarged with ventriculomegaly, but there was a normal gross structure of the hemispheres (Figure 8). Given our small Strada−/− sample size, differences in brain weights between Strada−/−, heterozygous, and WT animals could not be determined. There were enhanced numbers of cells immunoreactive for P-S6 (Ser 240/244) found in late embryogenesis (embryonic day 18.5; Figure 9A) that were also seen throughout all cortical layers, the thalamus, and hippocampus in the Strada−/− mice compared with Strada+/− and WT mice at P9 (Figure 9B). At P0, more Cux1 positive late-born neurons are found in the deeper layer or intermediate zone, suggesting that there may be abnormal migration of late-born neurons (Figure 9C). Consistently, displaced ectopic Cux1 positive neurons within the deeper layer or subcortical white matter were observed in Strada−/− brains analyzed at P9 as compared to littermate control WT (Figure 9D). These mirrored observations in human PS brain tissue (Puffenberger et al., 2007).
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FIGURE 8. Perinatal lethality in Strada −/− mice. Left, a comparison of Strada−/− to wildtype (WT) mouse pup. Right, evidence of ventricular enlargement (arrows) in P10 Strada−/− mice.
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FIGURE 9. Enhanced ribosomal S6 phosphorylation (P-S6) in Strada−/− mice evident at E18.5 (A) and P9 (B) compared with WT mouse. There is enhanced P-S6 immunoreactivity in the cerebral cortex deep layers, the thalamus (Thal), and the hippocampus (HIPP). Box depicts inset below, which shows P-S6 labeled neurons. (C) At P0, more Cux1 labeled late-born neurons (Layer II–IV) are accumulated in the intermediate zone of KO (arrows) compared with WT. (D) At P9, more Cux1 positive neurons are found in the deeper layer of the white matter of Strada KO (arrows) compared with WT.






DISCUSSION

Using several model systems, we demonstrate that loss of STRADA in human iPSC-derived neurons and mature mouse neurons in vivo causes activation of mTOR pathway signaling, placing PS squarely as a mTORopathy. STRADA loss causes enhanced cell size in all systems studied. We show that germline KO of Strada effectively models many of the histological features of human PS with enlarged brain size, ventriculomegaly, and heterotopic neurons in the subcortical white matter. Finally, iPSC-derived neurons from PS patients exhibit subtle electrophysiological abnormalities including increased input resistance, a more depolarized resting membrane potential, and a decreased threshold for initial AP generation.

We show that the PS patient-derived iPSCs and neurons do not express STRADA and exhibit enhanced mTOR activation. These findings are consistent with our previous in vitro and in vivo mouse models, demonstrating that knockdown of STRADA leads to enhanced mTOR signaling (Orlova et al., 2010; Parker et al., 2013). Thus, these cells provide an attractive in vitro system to study mTORopathies. Neurons derived from PS patient iPSCs recapitulate many of the abnormal features observed in fibroblasts, lymphocytes, and fixed brain tissue from PS patients (Orlova et al., 2010; Parker et al., 2013). These iPSC and neuronal lines join a small list of lines generated from patients with a mTORopathy, including TSC and individuals with focal cortical dysplasia linked to DEPDC5 mutations (Blair et al., 2018; Winden et al., 2019). Providing in vitro models of human mTORpathies is a major challenge because of the mutational mechanisms causing these disorders. Thus, an important feature of our cells is that we can generate neurons with a causative gene deletion from fibroblasts. Our PS iPSCs and neurons are unique as other identified mTORopathies result from heterozygous mutations that require the subsequent loss of heterozygosity via a “second hit” somatic mutations; the PS subject-derived neurons with homozygous STRADA loss-of-function deletions provide a unique window into mTOR activation in a homogeneous genomic background. In our studies, iPSC-derived neurons lacking STRADA show cytomegaly, likely related to mTOR hyperactivation (Orlova et al., 2010), but do not have defects in differentiation. A recent study examining hESCs with heterozygous or homozygous TSC2 loss-of-function generated by zinc-finger nuclease-mediated gene disruption showed that homozygous loss of TSC2 produced cytomegaly as well as increased dendritic complexity (Costa et al., 2016). Thus, while a common manifestation of mTOR hyperactivation is increased cell size, other structural, phenotypic alterations may be unique to each genotype. The current results show that PS derived neurons reflecting germline STRADA deletion provide a reproducible human cell system to study the effects of loss of STRADA on mTOR signaling.

Strada +/− mice had no phenotype. These observations parallel human heterozygous PS individuals (patient parents) who are neurologically normal (Puffenberger et al., 2007; personal clinical observations, P. Crino). A previously reported germline Strada knockout mouse strain exhibited subtle alterations in cortical lamination and changes in axonal outgrowth and exhibited perinatal mortality (Veleva-Rotse et al., 2014). Our Strada−/− mice also exhibited early lethality (from yet undefined causes) but a few animals survived to adulthood. These mice show limited mobility, tremor, and enhanced brain size. Spontaneous seizures were not observed but our sample size was too small to assess seizure phenotype. As in human PS brain histopathology, overt malformations of cortical development (MCD) was not observed in the Strada−/− mice, however, CUX-1 labeled heterotopic neurons were seen in the subcortical white matter which has been reported in human PS suggesting a migratory defect in the cerebral cortex. STRADA function has been implicated in the establishment of neuronal polarity and cell migration and is necessary for intact Golgi apparatus formation (Parker et al., 2013; Rao et al., 2018).

Our results suggest that STRADA loss slightly increases cell-autonomous excitability, which may contribute to an epileptic phenotype. In contrast, synaptic activity is reduced in PS neurons, consistent with a previous report of TSC2 deletion in hESCs-derived neurons, which demonstrated decreased synaptic excitability (Costa et al., 2016). Both enhanced intrinsic excitability and a paucity of synaptic activity may reflect delayed maturation of PS-derived neurons. Ongoing research will define whether these findings relate to the severe epilepsy phenotype in PS patients. Another pertinent issue is that interneurons may be required for manifestation of the network hyperexcitability phenotype, and such a phenotype was not reflected in our in vitro model which consisted primarily of excitatory cortical-like neurons. Future studies should address these potential limitations by focusing on mixed excitatory and inhibitory populations in 2-D or brain organoid culture systems, the latter of which can be maintained for prolonged periods to promote maturation and also provides a 3-dimensional network architecture. These findings thus provide new and compelling evidence that STRADA loss by itself can confer a hyperexcitability phenotype, although the underlying abnormalities leading to increased spontaneous activity require further investigation. Future studies should focus on the downstream consequences of STRADA loss to uncover epilepsy mechanisms in PS that would likely apply to other mTORopathies and lead to the development of novel therapies.
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Primary antibodies

NANOG Rabbit Abcam ab21624 1:500
OCTa/4 Goat Santa Cruz Biotechnology sc-8628 1:100
SSEA4 Mouse DSHB MC-813-70 1:200
 Feto-protein Rabbit Dako/Agilent A0008 1:500
Smooth muscle actin Mouse Abcam ab5604 1:1,000
sOX2 Rabbit Millpore AB5603 1:4,000
p-S6 (5235/236) Rabbit Cell Signaling 4858 1:250
Blll-tubulin (TuJH) Mouse Covance MMS-435P 1:2,000
Cuxd Rabbit Santa Cruz Biotechnology Sc-13024 1:50
Blll-tubulin (TuJH) Mouse Biolegend 801202 1:2,000
Doublecortin Rabbit Abcam ab18723 1:500
Map2abc Rabbit Cel Signaling 45425 1:500
Map2ab Mouse Sigma M2320 1:500
GABA Rabbit Sigma A2052 1:500
VGlutt Guinea pig Millpore AB5905 1:200
GFAP Rabbit Dako/Agilent 70334 1:500
Secondary antibodies

488 anti-rabbit 1gG Goat Invitrogen A-11084 1:400
488 anti-mouse IgG Goat Invitrogen A-11001 1:400
488 anti-goat IgG: Donkey Invitrogen A-11085 1:400
594 anti-rabbit 1gG Goat Invitrogen A-11087 1:400
594 anti-mouse IgG Goat Invitrogen A11082 1:400
FITC anti-guinea pig 1gG: Goat Millpore AP108F 1:200
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Gene* Protein Transcriptional mechanisms Impact References

Sodium channels

Scnta Na, 1.1 Genetic variants in the promoter region  LOF Nakayama et al. (2010) and Gao et al. (2017)
Differential TF-binding LOF Dong et al. (2014)
Epigenetic control mecharisms LOF Schuster et al. (2019)
Alternative splicing LOF Lossin (2009) and Schiachter et al. (2008)

Scntb Na,p1

Scn2a Na,1.2 Differential TF-binding LOF Xiang et al. (2018)

Scn3a Na,1.3 Epigenetic control mecharisms GOF Lietal. (2015) and Tan et al. (2017)

Scnga Na,1.6 Epigenetic control mecharisms GOF Liuetal. (2017)

Scnga Nad.7 Differential TF-binding GOF Diss et al. (2008)

Potassium channels

Kenal K11 Regulation by miRNAS LOF Sosanya et al. (2019)

Kena2 K12

Kenb1 K21

Kenct K31

Kend2 K42 Differential TF-binding LOF Gross et al. (2016) and Thwari et al. (2019)
Regulation by miRNAS LOF Yao et al. (2016)

Kend3 K43

Kenh2 K114

Kenh3 K.12.2

Kenh5 K,10.2

Kenj10 Kird.1 Epigenetic control mecharisms LOF, GOF Nwaobi et al. (2014) and Zhang et al. (2018)

Kenk10 K2P10.1 Regulation by miRNAS GOF Haernisch et al. (2016)

Keng2 K72 Differential TF-binding LOF Mucha et al. (2010)
Alternative splicing LOF de Haan et al. (2006)

Keng3 K.7.3 Differential TF-binding LOF Mucha et al. (2010)

Kenv2 K82

Kenma Kea A

Kent1 Kead A

Ketd? Ketd-7

Calcium channels

Cacnala Ca,2.1

Cacnalg Ca3.

Cacnath Ca,3.2 Alternative splicing GOF Powell et al. (2009)
Differential TF-binding GOF van Loo et al. (2012, 2015)

Cacna2d2 Ca,a2s-2

Cacna2dd Caa2s-4 Differential TF-binding GOF van Loo et al. (2019)

Cacnb4 Capd

Chloride channels

Clcn2 Cle-2 Alternative splicing LOF Bertell et al. (2007)

Clend Cle-4 Alternative splicing LOF Palmer et al. (2018)

GABA, receptors

Gabral GABAsat Differential TF-binding LOF Hu et al. (2008), Lund et al. (2008)
Epigenetic control mecharisms LOF Bohnsack et al. (2017)

Gabrad GABAwd Differential TF-binding GOF Roberts et al. (2005)

Gabras GABAE

Gabrb1 GABAB1 Differential TF-binding LOF Lietal. (2018)

Gabrb2 GABAW2

Gabrb3 GABAAB3 Genetic variants in the promoter region  LOF Urak et al. (2006)
Differential TF-binding LOF Tanaka et al. (2012a)
Epigenetic control mecharisms LOF Tanaka et al. (2012a,0)

Gabrd GABA

Gabrg2 GABALY2 Alternative splicing LOF Kananura et al. (2002)

lonotropic glutamate

receptors

Gria2 GluA2 Epigenetic control mecharisms LOF Machnes et al. (2013) and Kiese et al. (2017)

Grint GIN1

Grin2a GIUN2A Epigenetic control mecharisms GOF Kiese et al. (2017)
Regulation by miRNAS GOF Alsharafi et al. (2016)

Gringb GUN2B Epigenetic control mecharisms LOF Parrish et al. (2013)
Alternative splicing undetermined  Sigiel et al. (2016)

Grinzd GIUN2D

Nicotinic acetylcholine

receptors

Chma2 NACHRa2

Chimad nAChRa4

Chma7 NACHRa7

Chmb2 NACHRE2

Hyperpolarization-

activated cyclic

nucleotide-gated

channels

Hent Hent Epigenetic control mecharisms LOF McClelland et al. (2011)

Hen2 Hen2

Hend Hond

“Epilepsy genes based on Online Mendelian Inheritance in Man (OMIM) database, Wang et al. (2017), Wei et al. (2017) and Oyrer et al. (2016). LOF, Loss-of-function; GOF, Gain-of-
function; TF Transcription Factor: miRNA, microRNA.





OPS/images/fncel-14-00122/fncel-14-00122-g007.gif
P30 Strada -/- P30 Het P10 Strada -/- P10 Het





OPS/images/fncel-14-00001/crossmark.jpg





OPS/images/fncel-14-00122/fncel-14-00122-g008.gif
Strada KO

Ventricular enlargement

Strada KO WT





OPS/images/fncel-14-00122/fncel-14-00122-g002.gif
VGLUT1IMAP2abIBB





OPS/images/fncel-14-00122/fncel-14-00122-g003.gif
W

=

o

o
—

80

(=2}
o

=86 Intensity (% Contrel)
F'S
o

N
o

¢ gl el 510 B-00 D ipscs Neurcns
Son_BS_Con__PS PS PS PS PS Con Con

o e STRAD-alpha
.“ s G @RGP ~-o —— P-S6

— —— i — — G APDH





OPS/images/fncel-14-00122/fncel-14-00122-g004.gif
A DCX B TUBB3 c MAP2ab
4000 _—=4 _ 4007 _—"= __ 800
5 300 5300 Ee00{ — ——
3 g A 8
£ 200 £ 200 £ 400
- : A :
5 100 £ 100 £ 200 ‘
w (2] (2]
0
ine: A PR}
Cell Line: o 00“1?5)\ ?6\ oot Go“%g\ 95"‘0 o Qo“ ?%\a?%\‘o
D DCX E TUBB3 F MAP2ab
4 4
5 | —
@ — 3 L— 3,
&3 53 &
[ (0] 0 3
£z =2 =
© & =)
[} [0} [}
“1 é &« é é Ty é
0 0

Cell Line: oo oSt o oSt oo oSt





OPS/xhtml/Nav.xhtml




Contents





		Cover



		EPILEPSY AND NEURODEVELOPMENTAL DISEASES



		Editorial: Epilepsy and Neurodevelopmental Diseases



		Author Contributions









		Recessive Inheritance of Congenital Hydrocephalus With Other Structural Brain Abnormalities Caused by Compound Heterozygous Mutations in ATP1A3



		INTRODUCTION



 		MATERIALS AND METHODS



 		RESULTS



 		DISCUSSION



 		DATA AVAILABILITY STATEMENT



 		ETHICS STATEMENT



 		AUTHOR CONTRIBUTIONS



 		FUNDING



 		ACKNOWLEDGMENTS



 		SUPPLEMENTARY MATERIAL



 		FOOTNOTES



		REFERENCES









		Identification of KCC2 Mutations in Human Epilepsy Suggests Strategies for Therapeutic Transporter Modulation



		Introduction



		Type 2 K+-Cl− Cotransporter (KCC2) In Chloride Homeostasis And Synaptic Inhibition



		KCC2 Mutations And Human Epilepsy



		Idiopathic Generalized Epilepsy 14 (Omim# 616685, Autosomal Dominant)









		Augmenting Kcc2 Activity To Restore Synaptic Inhibition As A Therapeutic Avenue For Epilepsy



		Conclusion



		Author Contributions



		Funding



		Acknowledgments









		Functional Genomics of Epilepsy and Associated Neurodevelopmental Disorders Using Simple Animal Models: From Genes, Molecules to Brain Networks



		FROM PHENOTYPE TO GENOTYPE: THE ERA OF GENETICS IN THE FIELD OF NEURODEVELOPMENTAL DISORDERS



		Severe de novo Mutations and Genomic Alterations in Neurodevelopmental Disorders



		Genotype-Phenotype Correlations









		FROM GENE MUTATION TO MOLECULAR DYSFUNCTION (TEMPORAL MICROSCALE)



		FROM GENE MUTATION TO BRAIN NETWORK PERTURBATION (TEMPORAL MACROSCALE)



		CONCLUSION: SIMPLE MODELS AS GENETIC AVATARS OF HUMAN PATIENTS FOR A SYSTEMIC APPROACH (FROM GENE TO PHYSIOLOGY)



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Transcriptional Regulation of Channelopathies in Genetic and Acquired Epilepsies



		Introduction



		Voltage-Gated And Ligand-Gated Ion Channels In Genetic Epilepsies



		Transcriptional Regulation Of Genetic Ion Channelopathies



		Ion Channels In Acquired Epilepsies



		Transcriptional Regulation Of Acquired Ion Channelopathies



		Epigenetic Control Of Acquired Ion Channelopathies



		Regulation Of Acquired Ion Channelopathies By Micrornas



		Transcriptional Regulation Of Channelopathies In Neurodevelopmental Disorders



		Future Perspectives



		Author Contributions



		Funding









		The Epilepsy of Infancy With Migrating Focal Seizures: Identification of de novo Mutations of the KCNT2 Gene That Exert Inhibitory Effects on the Corresponding Heteromeric KNa1.1/KNa1.2 Potassium Channel



		Introduction



		Materials And Methods



		Patients



		Exome Sequencing



		Constructs And Site-Directed Mutagenesis



		Cell Cultures And Transfections



		Electrophysiology









		Results



		Identification Of Two Novel De Novo Kcnt2 Defects In Patients With Early-Onset Epileptic Encephalopathies



		Functional Analysis Of Wild Type And Mutant Homomeric Human KNa1.2 Channels









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding









		A Reappraisal of GAT-1 Localization in Neocortex



		Introduction



		Recent Studies Suggest A Less Simplistic Scenario



		Evidence For A Widespread Cellular Expression Of Gat-1



		Astrocytes



		Oligodendrocytes









		Discussion



		Author Contributions



		Funding









		Emerging Role of the Autophagy/Lysosomal Degradative Pathway in Neurodevelopmental Disorders With Epilepsy



		Introduction



		Autophagy And Neurodegeneration



		Autophagy And Neurogenesis



		Autophagy And Neuronal Polarity



		Autophagy And Synaptic Function



		Autophagy And Neurodevelopmental Disorder With Epilepsy



		Author Contributions



		Funding









		Granule Cell Dispersion in Human Temporal Lobe Epilepsy: Proteomics Investigation of Neurodevelopmental Migratory Pathways



		Introduction



		Materials And Methods



		Cases



		Laser Capture Microdissection



		Proteomic And Bioinformatics Analyses



		Immunohistochemistry



		In Situ Hybridization









		Results



		Granule Cell Pathology Observed In Cases Submitted For Proteomics



		Proteomic Analysis









		Discussion



		Comparison With Previous Human Proteomics Studies



		Gcd And Neurogenesis: Evidence?









		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		Footnotes



		Supplementary Material









		Paroxysmal Discharges in Tissue Slices From Pediatric Epilepsy Surgery Patients: Critical Role of GABAB Receptors in the Generation of Ictal Activity



		INTRODUCTION



		MATERIALS AND METHODS



		Cohort and Standard Protocol Approvals



		Electrocorticography and Surgical Resection



		Slice Preparation and Electrophysiological Recordings



		Statistics









		RESULTS



		Cohort



		Pathological Findings



		Cell Types and Basic Membrane Properties



		4-AP Oscillations in Different Cortical Cell Types in CD, TSC, and Non-CD Cases



		4-AP Oscillations in CPNs and Interneurons From Different Pathologies



		Electrophysiological Characterization of 4-AP-Induced Membrane Oscillations in Pediatric Epilepsy Tissue Samples



		Effects of BIC, a GABAA Receptor Antagonist, on 4-AP Oscillations and Cortical Excitability



		Effects of Phaclofen, a GABAB Receptor Antagonist, on 4-AP Oscillations and Cortical Excitability



		Effects of eACSF (BHB and Pyruvate) on 4-AP Oscillations









		DISCUSSION



		LIMITATIONS



		CONCLUSION AND CLINICAL IMPLICATIONS



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Multimodal Analysis of STRADA Function in Brain Development



		Introduction



		Materials And Methods



		Crispr/Cas9 Construct Generation And Validation



		Cell Culture And Establishment Of Crispr Ko Cell Lines



		Immunocytochemistry



		Human Fibroblasts Isolation And Culture



		Fibroblast Reprogramming And Ipsc Culture



		Neuronal Differentiation



		Immunocytochemistry And Morphometric Analysis Of Ipsc Derived Neurons



		Data Quantification And Statistical Analysis



		Whole-Cell Patch-Clamp Recordings









		Results



		Enhanced Mtor Signaling



		Ipscs And Derived Neurons



		Neuronal Differentiation



		Strada Deletion And Loss Of Strada Expression



		Mtor Activation And Cytomegaly



		Ps Neurons Show A Subtle Electrophysiological Phenotype









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material























OPS/images/fncel-14-00053/fncel-14-00053-g002.gif





OPS/images/fncel-14-00053/fncel-14-00053-g003.gif





OPS/images/fncel-13-00425/fncel-13-00425-g002.jpg
T, ATP1A3

ATP1A3

[ |ATP1A3 P

é

L R






OPS/images/fncel-14-00039/fncel-14-00039-g001.gif
-—- — e

“Srscimscz
—
oy
N oy
.m.m
..u.mm.‘
C.wm.
Nuceaion
Elongation
Degradation o~
Moo
Maturaion p—
Fusion |
- ATPevIA
> A
@ DMXL2
& Lysosome
~ epas

shx1s





OPS/images/fncel-13-00515/crossmark.jpg





OPS/images/fncel-14-00039/fncel-14-00039-t001.jpg
Disorder Gene Inheritance  Molecular defect Key clinical features Clinical
references

Tuberous sclerosis-1 TsC1 AD Autophagy « DD/D Lipton and Sahin
(OMIM # 191100) TsC2 induction o Epllepsy (2014)
Tuberous sclerosis-2 o Hamartomas in multiple organ
(OMIM # # 613254) systems

« Renal failure
TBOK TBCK AR Autophagy « DD/D Bhoj et al. (2016),
encephaloneuronopathy induction « Regression and cognitive decline Chong et al. (2016)
(OMIM #616900) o Neuronopathy and Ortiz-Gonzélez

o Epllepsy etal. (2018)
Cortical VPS15 AR Autophagosome . oD Gstrein etal. (2018)
atrophy/dysplasia and formation + Cortical dysplasia
epilepsy © Atmia

o Hearing deficits

o Epllepsy
Beta-propeller WDR45 Xlinked Autophagosome « DD/D Haack et al. (2012),
protein-associated elongation « Encephalopathy with epllepsy Saitsu et al. (2013),
netrodegeneration o Rettike stereotypies Hayflick et al.
(OMIM #300894) « Dystonia (2018) and Canvil

etal. (2018)

Vici syndrome EPGS5 AR Autophagosome-lysosome o Hypopigmentation Dionisi Vici et al.
(OMIM #242840) fusion (skin, hal, retina) (1988), Byrne et al

o Agenesis of the corpus callosum (2016) and

o Epllepsy Ebrahimi-Fakhari

o Biateral cataracts etal. (2016)

o Cardiomyopathy

« Cormbined immunodeficiency

« Microcephaly

« DD

o Fallure to thrive
Spinocerebellar ataxia20 SNX14 AR Autophagosome-lysosome o DD/ID Thomas et al.
(OMIM #616354) fusion o Ataia (2014) and Akizu

o Coarse facial features etal. (2015)

o Epllepsy

« Sensorineural hearing loss

o Hepatosplenomegaly
Developmental ATP6VIA  AD v-ATPase function « DD/D Van Damme et al
encephalopathy with « Encephalopathy with epilepsy (2017) and Fassio
epilepsy o Quadriparesis etal. (2018)
X-linked ID, epilepsy ATP6AP2  Xdirked v-ATPase function « Cortical atrophy Hirose et al. (2019)
and fulminant « DD/D
netrodegeneration « Dysmorphic features

« Early-onset neurodegeneration

o Epllepsy
Ohtahara syndrome with DMXL2 AR v-ATPase function Profound DD Esposito et al.

progressive course

Cortical atrophy
Encephalopathy vith epilepsy
Severe epllepsy

Failure to thrive

Dysmorphic features
Quadriparesis

Sensorineural hearing loss
Severe hypotonia

(2019)

Note. AD, autosomal dominant: AR, autosomal recessive; DD, developmental delay: ID, intellectual disability.
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Exon NT change AAchange  Type Inheritance Phenotype Ethnicity Reference

21 C.2855G>A p.RO52H Missense  AD IGE; Febrile Seizures  French Canadian; Australian  Kahle et al. (2014) and
Puskarjov et al. (2014)

23 c31450>T p.R1049C Missense  AD IGE French Canadian Kahle et al. (2014)

9 cA277T>C pL426P Missense AR, compound heterozygous  EIMFS Swedish Stodberg et al. (2015)

18 c1625G>A p.GE51D Missense

8 .932T>A pLa3iH Missense AR, homozygous EIMFS Pakistani Stodberg et al. (2015)

3 €279+1G>C  pE50_Q93del Deletion AR, compound heterozygous  EIMFS Japanese Saitsu et al. (2016)

6 €572C5T pAI91V Missense

8 .967T>C p.S323P Missense AR, compound heterozygous ~ EIMFS Malaysian Saitsu et al. (2016)

10 ci243A5G pM415V Missense

8 .953G>C pwa1as Deletion AR, compound heterozygous ~ EIMFS Japanese Saitsu et al. (2016)

18 c.2242_2244del p.S748del Missense

9 .1196C>T p.S3geL Missense AR, compound heterozygous  EIMFS Japanese Saito et al. (2017)

20 c.2639G>T p.RESOL. Missense

1 cl417G>A pvA73l Missense  AD IGE Hungarian Til et al. (2019)

AA, amino acid: AD, autosomal dominant: AR, autosomal recessive; EIMFS, epilepsy of infancy with migrating focal seizures; IGE, idiopathic generalized epilepsy; NT. nucleotide.
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Age at Cases Relevant Ageof  Antiepileptic  Neuro-psychometric DG pathology Type of studies

surgery clinical onset medications  findings laterality (other proteomic (n = 8)
history under (vears) pathology) RhoA HC (n = 17)
age of 4 years RhoA ISH (n = 10)
Rac1 ISH (n = 15)
Between Ef FS 13 Garb, Lam, Lev,  No remarkable HS Type 1. Left. GOD. Al studies
20-30 years M, Val cognitive deficits MFS
E20 FS, meningitis 12 Carb Average ntellectual HS Type 1. Left. GOD.  RhoAHC
abilties and language  MFS (TS)
functions
E2 FS 14 Carb, Lev, Ox,  Weak verbal and HS Type 1. Right. GCD. Al studies
val recognition functions MFS (TS)
E122 none 14 Carb, Lam, Weak working and HS Type 1. Right. GCD. Al except proteomics
Preg verbal memory MFS.
E123 Fs 15 Carb, Lam, Val  Average intellectual HS Type 3 (OH) Al studies except
abilties and mermory. proteornic
Weak vistiospatial
processing abilties
E16 None 9 Lam, Lev Average cogniionand  HS Type 3. Right Ract-ISH
memory functions
E3 Head trauma 11 Carb, Lev, Zon  Weak verbal intelligence  HS Type 1. Left. GOD.  Proteomic, RhoA-HC
and verbal and visual MFS
memory
Ef2 None 15 Lam, Zon Weak verbal mermory HS Type 3. Left. Rac1-ISH
Between E4 None 10 Carb, Lev. Average cognionand S Type 1. Right. GCD.  Proteornic, Rac1-ISH
31-40 years memory functions MFS
E14 B cel 8 Carb, Lev, Dia  Weak verbal and HS Type 1. Left. GOD. Al except proteomics
non-Hodgkin's working memory MFS
lymphoma Depression. Psychosis.
E13 Fs 1 Val, Clob, Carb ~ Average cognitionand  HS Type 1. Right. GCD.  All except proteorics
memory functions. MFS
Between E5P None 2 Lev, Carb Weak visual memory HS Type 3. Right. Al except proteomic
41-50 years
Ef1 None 8 Clonazepam, ~ Weak cognition and HS Type 1. Right. GCD. Al except proteomics
ox visual memory. MFS
Depression, Paranoia
Between E5 Head trauma 16 Carb, Lam, Weak verbal inteligence  HS Type 1. Right. GCD.  Proteomic
51-60 years Pheny and working memory.  MFS
Anxiety. Depression
E6 FS Late30s  Carb, Ox,Lev,  Weak verbal and HS Type 1. Left. GOD.  All except RhoA-ISH
Lam, Pheno non-verbal memory. MFS.
Psychosis
E7 na 11 Val, Preg, Carb  Weak verbal memory HS Type 1. Left. GOD. Al studies
and spatial recognition.  MFS
Paranoia
E1P FS 22 Carb, Clob Impared intellectual HS Type 1. Left. GOD. Al except proteomic
abilty and visual and MFS
verbal memory
E8 Head trauma 8 Carb, Gaba, Poor verbal memory HS Type 1. Left. GOD. Al studies
Lam, Prim MFS
29 PM44 COD: sudden wa None None None RNoA-IHC, qualitative
death only
35 PM45 COD: cardiac wa None None None RNoA-IHC, qualitative
arrest only
57 PM48 COD: no notes wa None None None RNOA-IHC, qualitative
available only

Eight cases with Hippocampal Sclerosis Type | [according to the Intemational League Against Epiepsy (ILAE) classification system] and granule cel dispersion were analyzed
using proteomics (E1-8, in gray). In addition to these cases, another ten surgical cases with MTLE and three post mortem nommal cases were induded in AhoA and
Rac1 immunohistochemical and/or in situ hybridization stucies. In situ hybridization stucies using probes against CDC42, or RELN transcripts were performed on four cases (E1R
E122, E1, E3). Abbreviations: Carb, carbamazepine; COD, cause of death; Clob, clobazam; Dia, diazepam; Gaba, Gabapentin; GCD, granule call dispersion; GG, gangliogiome;
HS, hippocampal sclerosis; Lam, Lamotrigine; Lev, Levetiracetam; MCD, maformation of cortical development; MFS, mossy fiber sprouting; OH, oligodendiroglial hyperplasia in white
matter; Ox, Oxcarbazepine; Pheny, Phenytoin; Pheno, Phenobarbitone; Preg, Pregabalin; Prim, Primicone; TS, temporal sclerosis; Tem, temapazem; Top, topiramate; Val, Sodium
iabroale: Zovi Zanmtice.
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Antibodies/Probes
Clone, Code

Immunogen or target
epitope

Labeled cell or protein type

Pre-treatment (mins)

Antibodly supplier, dilution,
incubation time (mins) and
temperature

Anti-NeuN A0, MAB377

SMI31 801601

SMI32 801707

Anti-MAP2 HM-2, M4403

Anti-Calbindin D-28K, 300

Anti-ZnT3 197-003

SMI 94 SMI-94R

Anti-Nestin 10C2, AB22035

Anti-GFAP Z0334

Anti-RhoA OSR00266W

RHOA mRNA 416291

RACT mRNA 419851

CDC42 mRNA 502651

RELN mRNA 413051

Purified cell nuclei from mouse
brain

Phosphorylated epitope in
neuroflament H and M
Non-phosphorylated epitope in
neuroffament H

Rat microtubLie-associated
proteins

Calbindin D-28k

Recombinant protein of mouse
ZnT3 (aa. 2-75)

70-89 aa of human myelin
basic protein

150 aa recombinant fragment
from human nestin corjugated
toGST

GFAP Isolated from cow spinal
cord

A synthetic peptide from human
Transforming protein RhoA
conjugated to an immunogenic
carrier protein

NM_001664.2. Probe region
from 135 to 1796
NM_006908.4 Probe region
from 1194 to 2256
NM_044472.2 Probe region
from 2 to 1091
NM_173054.2 Probe region
from 4401 to 5340

Nuclei of most neurons, some
proximel dendrites
Neurons

Neurons
Neurons

Calbindin-expressing
interneurons

Synaptic vesicle located
zZinc-transporter

Myelinated fiber in white matter

Immature progenitors, glia,
endothelial cells

Astrocytes, some ependymal
cells

Small GTPase protein that
regulates actin cytoskeleton in
the formation of stress fibers,
and cell division. Expressed in
the cytoplasm of cells
undergoing structural changes
in preparation for migration
Pretreatment 2 and 8"

Pretreatment 2 and 3"

Glycoprotein expressed by
Cajal-Retzius cells

ER1 (20)
H-3301 (12)
H-3301 (12)
H-3301 (12)
H-3301 (12)
H-3301 (12)
ENZ1 (10)

H-3301 (12)

ENZ1 (10)

Protease (20, 37°C)

BioTechne; 120, 40°C
Pretreatment 2 and 3*
BioTechne; 120, 40°C

Pretreatment 2 and 3*

Millpore; 1:2K, 15, RT
Stermberger; 1:500, ov, 4°C
Stemberger; 1:500, ov, 4°C
Sigma; 1:1,500, ov, 4°C
Swant; 1:10K, ov, 4°C
Synaptic Systems; 1:10K, ov,
4G

DAKO; 1:2,000, 20, RT

Abcam; 1:1K, ov, 4°C

DAKO; 1:2.5K, 20, RT

Thermo; 1:500, ov, 4°C

BioTechne; 120, 40°C

BioTechne; 120, 40°C

Automated immunohistochemistry was performed using the Bond Mex automated immunostainer and reagents (Leica, Miton Keynes, UK). *ANA detection was performed using
the ANAscope patent assays system following the supplier’s instruction. Abbreviations: aa, amino acids; Cac42, Cell division control protein 42 homolog; GFAP, glial fibrillary acicic
protein; K, thousands; MAR microtubule-associated protein; Neul, neuronal nuclei; ov, ovemight; Rac1, Res-Related C3 Botulinum Toxin Substrate 1; RhoA, Transforming protein
RhoA or Ras homolog family member A; R, room temperature. Antigen retrieval buffers: ENZ1, Leica Bond enzyme concentrate, and diluent; ER1, Leica Bond citrate-based buffer;
ER2, Leica Bond EDTA-based buffer; H-3301, Vector's Tis-based buffer pH 9.0; H-3300, Vector's citrate-based buffer pH 6.0; SC, Sodlum citrate buffer, pH 6.0. Suppliers: Abcam
pic., Cambricge, UK; BD Transduction Lab., Oxford, UK; Bio-Techne, Abingdlon, UK; DAKO, Cambridgeshire, UK; Milloore, Watford, UK; Stemberger, Maryiend, US; Swant, Marly,
Switzerland;: Thermo Fisher Scientific, Hemel Hempstead, UK Synaptic Systems, Goettingen, Germany.
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Entry ID Gene Protein

PE0953 cDC42 Cell division control protein 42 homolog

E7EVJ5 CYFIP2 Gytoplasrmic FMR1-interacting protein 2

Q7L576 CYFIP1 Cytoplasrmic FMR1-interacting protein 1

FBWT7L3 A2M Apha-2-macroglobuiin

Q12802 AKAP13 Ackinase anchor protein 13

HOYE29 ARHGAP1 Rho GTPase-activating protein 1

QINRY4 ARHGAP35 Rho GTPase-activating protein 35

aL4c2 BAIAP2 Brain-specific angiogenesis inhibitor
associated protein 2

P11274 BCR Breakpoint cluster region protein

ADAOBTXOPO CENPE Kinesin-like protein Dispersed

GEXAMT CTNNA1 Catenin-alpha-1

P78352 DLG4 Disks large homolog 4

099880 HISTIH2BL Histone H2B type 1-L

Q15691 MAPREA Microtubule-associated protein RP/EB
family merrber 1

QoY2A7 NCKAPA Nek-associated protein 1

QoNZQ3 NCKIPSD NCK-interacting protein with
SHa dornain

P35080 PFN2 Profiin-2

P62140 PPP1CB Serine/threorine-protein phosphatase
PP1-beta catalytic

C9J9CH PPP2RIA Serine/threorine-protein phosphatase
265 kDa regulatory subunit A

PE3000 RACH Ras-related C8 botulinum toxin
substrate 1

COJNR4 RHOA Transforming protein RhoA/ Ras
hormologous farmily member A

PE2745 RHOB Rho-related GTP-binding protein RhoB

Q8IXI2 RHOTA Mitochondrial Rho GTPase 1

P31947 SFN 14-3-3 protein sigma

043295 SRGAP3 SLIT-ROBO Rho GTPase-activating
protein 3

p2IDB2 YWHAH 14-3-8 protein eta
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