

  [image: cover]




  


  


  





   




   




  ISBN : 978-2-7420-1572-6




   




  © John Libbey Eurotext, Paris, 2019




   




   




   




  [image: ]




  Éditions John Libbey Eurotext


  127, avenue de la République


  92120 Montrouge, France


  Tél. : 01 46 73 06 60


  e-mail : contact@jle.com


  http://www.jle.com




  




  Epileptic Syndromes


  In Infancy, Childhood and Adolescence


  6th edition with video sequences




   




  Edited by:


  Michelle Bureau, Pierre Genton, Charlotte Dravet, Antonio V. Delgado-Escueta, Renzo Guerrini, Carlo Alberto Tassinari, Pierre Thomas, Peter Wolf








  


  





  




   




  [image: ]




  FOREWORD


  




  The Editors


  




  The first edition of Epileptic Syndromes in Infancy, Childhood

and Adolescence appeared in 1984 as the proceedings of a workshop

of the Commission on Classification and Terminology of the International

League against Epilepsy. The workshop took place at the

Centre Saint-Paul in Marseille, France, and was initiated and organized

by late Joseph Roger, on behalf of the Commission. He, commission

chairman Peter Wolf and previous commission chairman Fritz E. Dreifuss

had agreed that the coming International Classification of Epileptic

Syndromes and Epilepsies (ICESE), like the preceding seizure

classification, needed to be based not just on expert opinions but on

solid scientific data. For all proposed syndromes, the available data

were presented and discussed in detail at the workshop, and the

syndromes that passed this critical review were defined and included

in the ICESE of 1989. The book which documented this process could

be published thanks to the efforts of André Perret, a physician working

in the pharmaceutical industry, who provided the necessary

sponsorship.


  The term “Blue Guide” (“Guide Bleu” in French) was coined by our

    late friend Pierre Loiseau and bears witness to the widespread use

    of this volume in clinical practice. Its worldwide distribution was

    facilitated by the simultaneous publishing of an English and French

    version.    


  There were four further editions: in 1992, a major update on the

    syndromes justified a 2nd edition; in 2002, besides the well-known

    syndromes, new concepts derived from the major advances in genetics

    and neuroimaging for aetiology were included in a 3rd edition; in

    2005, for the Paris International Epilepsy congress, the 4th edition

    included a video support illustrating the various seizures and syndromes.

    The 4th edition was translated into Japanese and into Mandarin

    Chinese, which furthered its global impact.

    Epileptology kept changing, and a 5th edition (in English and French)

    came out in 2012, and was again translated into Japanese, and, for

    the first time, into Spanish and a special edition was made for India.    


  Seven years later, in 2019, this new edition, in English only, includes

    the most recent advances in our understanding of the epilepsies. The

    syndromic approach is still its backbone, but has to be adapted in

    the light of the new (2017) Classification scheme of the International

    League against Epilepsy. Chapters have been updated, partly rearranged,

    and still with the video companion. The diversity of editors

    and authors underlines the objectivity of the modern syndromic

    approach, which is no longer simply “electroclinical”. A large space is

    dedicated to the rapid advances in genetics and neuroimaging which

    play a fundamental role in most syndromes. 


  We hope that the “Blue Guide” will retain its position as a reference

    textbook for our epileptologist colleagues, for neurologists, neuropediatricians,

    their pupils and all those with an interest in clinical epileptology

    or research.    


  The John Libbey Eurotext staff demonstrated their trademark competence,

dedication – and patience.


   


  Disclaimer


  The editors thank patients and families, who gave their consent for the

    use of their video recordings associated with this 6th edition. Video

    sequences should be seen only by the following persons: physicians and

    other medical staff working in the field of epileptology and scientists

    involved in clinical or basic epileptological sciences. Video sequences

    should be played only on personal or institutional computers, as

    complements and illustrations to the chapters of the hard copy. These

    sequences are not meant to be copied for public presentations.
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  CHAPTER 1. CLASSIFICATION, EPIDEMIOLOGY, PROGNOSIS


  Sameer ZUBERI


	Royal Hospital for Children and School Medecine, University of Glasgow, Glasgow, United Kingdom


  


Classification


Historically, classifications in medicine have served two independent objectives which are to have i) a taxonomic system to organize our views and knowledge; and ii) a diagnostic manual to help categorize the epilepsies in ways that facilitate communication and research (Wolf, 2003). These objectives are not mutually exclusive and are both essential for developing scientific classifications within clinical medicine where the ultimate goal is to improve care for the person with disease. Medical knowledge and the resources from which we draw that knowledge are no longer the sole preserve of the physician and as such medical classifications must have additional objectives. They should facilitate communication with people with epilepsy and their carers as well as informing clinical management. In the XXth century books and journals held in medical libraries were accessible only to doctors and their students, with classification systems evolving to reflect this. We developed a language which aided communication between physicians but excluded those without specialist training and more importantly people with epilepsy and their carers, thus maintaining the unhelpful mystique around the practice of medicine.




Distinct from other areas of scientific practice, in medicine, patients and carers are uniquely invested in understanding the nature and management of disease. The parent or carer is the most passionate advocate for the child and in the XXIst century they have easy access to previously unimagined volumes of information and evidence through electronic media. Classifications should aid physicians in making sense of this information for patients and carers and allow people with epilepsy and their families to better communicate with each other. The 2017 ILAE Classification of Seizures and the Epilepsies was developed to reflect advances in knowledge, particularly in relation to how aetiology influences management, and to encourage the use of more straightforward and accessible language. There are many other classification systems which should continue to develop for more specialized purposes within epileptology; for example, anatomical network, pathological or genetic classifications. Rodent model, zebrafish and brain slice researchers should develop classifications for the electrographic events they study but we cannot expect to have an epilepsy classification that fits all events studied by epileptologists. Indeed, if we tried to there may be a danger of placing too much emphasis on the relevance of “seizure” types or aetiologies in these models to what we see in the human.




A clinical classification should be flexible enough to be used in high resource and low resource health care systems. Low resource is in-fact “normal resource” as the majority of people with epilepsy will not have access to specialists in epilepsy, EEG, MRI, metabolic tests and genetic investigations. A classification must work for the clinician who just has a history and a video on a smartphone as well as it does for those who have access to 3T brain MRI, inpatient video-telemetry and whole genome sequencing.




The Framework for Classification of the Epilepsies (Figure 1) describes a multi-level and flexible classification which is developed primarily for clinical practice and to inform precision medicine (Scheffer et al., 2017). The link between aetiology, precision medicine and therapeutics is discussed further in the aetiology section below.




Epileptic seizures are a symptom of many different diseases of the brain and a unifying biological classification is not practical or possible with our current levels of knowledge. The framework provides a comprehensive overview of an individual's epilepsy including clinical elements such as seizure types and co-morbidities, epilepsy types inferred from seizure types and EEG, epilepsy syndromes and a consideration of aetiology. In addition to aiding classification the framework leads the physician through the elements required to make a diagnosis and as such takes guidance from previous diagnostic schemes (Engel, 2001).
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Seizure types


A seizure is defined as the transient occurrence of signs and or symptoms due to abnormal excessive or synchronous neuronal activity in the brain with a seizure type simply a useful grouping of seizure characteristics for purposes of clinical care, teaching and research (Fisher et al., 2017a). The term seizure in the classification only relates to epileptic seizures and not any non-epileptic events which may be colloquially described as seizures. Almost any human behaviour can be re-capitulated during an epileptic seizure therefore there is always a decision to be made in a classification as to how many seizure types are defined. The ILAE 2017 Classification includes a list of seizure types, defining each type and separating them into those of focal onset, generalised onset and of unknown onset (Figure 2). Additional descriptors, how to map new to old terms and an updated glossary of terms is presented in an instruction manual (Fisher et al., 2017b).




There was a suggestion that the distinction between the focal and generalised seizures be abandoned in the 2010 ILAE Classification Commission proposal however the decision was made to retain these concepts of seizure onset and propagation in the 2017 ILAE Position papers (Berg et al., 2010).




Focal seizures are conceptualized as originating within networks limited to one hemisphere. These may be discretely localized or more widely distributed.




When the seizure evolves to indicate involvement of bilateral networks the terminology focal to bilateral is recommended with the seizure types described after the terms focal and bilateral. Two such examples would be a focal clonic seizure (evolving) to bilateral tonic seizure or a focal tonic seizure (evolving) to bilateral clonic seizure. This provides a more detailed description than the old focal to secondary generalised.




Generalised seizures are conceptualised as originating at some point within, and rapidly engaging, bilaterally distributed networks. These networks may include cortical and sub-cortical structures and no assumption is made on the underlying physiology of network propagation. This is best understood in the cortico-thalamic networks associated with absence seizures however the term generalised does not imply involvement of a specific network (Blumenfeld, 2005).




Generalised seizures in which bilateral networks are rapidly engaged are rarely seen clinically or on EEG in the neonate and it is likely that the distinction between focal and generalised will not be maintained in the proposed ILAE adaptation of the classification for seizures in this age group (see Classification of Seizures in the Neonate).




The 1997­2001 Classification Task Force recommended adopting focal as the exclusive term replacing partial and this is supported in the 2017 ILAE position papers (Engel, 2001). The term partial was seen to imply that a seizure which was only part of a seizure and not an event which may be just as clinically significant as a generalised seizure.




Assessment of consciousness, responsiveness and awareness may be extremely challenging or not possible to determine in children, particularly in neonates and young infants. The ILAE chose retained or impaired awareness as a surrogate for all such impairments in focal seizures. Unless it is part of a detailed pre-surgical hypothesis, differentiating between all the different types of impairment of responsiveness, consciousness and awareness is unlikely to influence clinical management. In daily life there may be compromise to an individual's well-being from a failure of responsiveness even if awareness is maintained, whether that compromise is within the learning environment, interacting with others, working with machinery or driving a car.




Some seizure types, which have been well established in clinical practice but not previously listed in ILAE Classifications, are recognised in the 2017 Classification. These include focal spasms, focal myoclonic, focal tonic and the generalised seizure types; myoclonic absence, myoclonic-tonic-clonic, myoclonic-atonic and eyelid myoclonia. Eyelid myoclonia is placed in the non-motor (absence) grouping but could just as reasonably have been placed within the motor category as the myoclonia are more prominent than the absence.
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Epilepsy types


In many healthcare settings, indeed for most people with epilepsy worldwide, it may not be possible to classify an epilepsy beyond the seizure types. The classification of an Epilepsy type assumes that the individual has a diagnosis of epilepsy as per the 2014 definition (Fisher et al., 2014). An important feature of the new definition is that individuals may be diagnosed with epilepsy after their first seizure if they are likely to have more seizures. This is exemplified in the first seizure of a genetic epilepsy syndrome which is inherited in an autosomal dominant manner when there is a known family history but is also relevant in the first seizure of a syndrome such as childhood epilepsy with centrotemporal spikes where seizure semiology and EEG support the syndromic diagnosis. The classification of a focal epilepsy type may be straightforward if there is a known pathology such as a right hemiplegia secondary to an antenatal stroke and the seizure type is a focal clonic seizure affecting the right side of the body. When a particular combination of seizures is noted for example generalised tonic clonic seizures, myoclonic seizures and absences it may be possible to say confidently the individual has a generalised epilepsy type. In many circumstances it can be difficult to say whether an individual has a focal or a generalised epilepsy. In the author's view this distinction is the least important in epilepsy classification but has been maintained primarily for historical reasons and for ease of placing disparate, individually rare epilepsies into larger groups for pharmaceutical trials. Seizure types are valuable in guiding the physician to aetiology, treatment approaches and to a syndromic diagnosis. From a nosological perspective the seizure type, the aetiology and the epilepsy syndrome are much more clinically relevant than the epilepsy type. Many epilepsy syndromes discussed in this book are characterised by both focal and generalised seizure types and in many the seizure type and epilepsy type remain unknown. As concepts of epilepsy syndromes evolve and broaden the number of people whose highest level of classification is at this level may diminish.







Epilepsy syndromes


Several definitions have been proposed for what comprises an epilepsy syndrome since the pioneering work in the last century by groups in France, Italy and Germany. The ILAE have not as yet produced an official classification of epilepsy syndromes or position papers on the boundaries of specific epilepsy syndromes though this is planned by the ILAE Nosology and Classification Task Force 2017-2021. Concepts and boundaries of syndromes have changed over the last 50 years as clinicians have defined new syndromes and studied the complex relationship between aetiology, particularly genetic, and syndrome. The various editions of the Guide Bleu have helped clinicians navigate this challenging terrain. The ILAE curated website www.epilepsydiagnosis.org also provides information and videos on syndromes. In the development of the 2017 Classification of Seizures and Epilepsies the most hotly debated issue was whether the syndromes of childhood absence epilepsy, juvenile absence epilepsy, generalised tonic clonic seizures alone and juvenile myoclonic epilepsy should be collectively termed genetic generalised epilepsies (GGE) rather than idiopathic generalised epilepsies (IGE). Idiopathic in the 1989 classification was defined as an epilepsy of primarily genetic origin in which there is no gross neuroanatomical or neuropathological abnormality (Commission on Classification and Terminology of the ILAE, 1989). It should be acknowledged that many physicians have used the term incorrectly in epilepsy practice to mean unknown rather than primarily genetic. Monogenic twin studies in these syndromes have shown concordance rates of 65­80% (Berkovic et al., 1998). The debate was around several issues including that the vast majority of people with these syndromes do not have a first degree relative with a similar syndrome, that applying the term “genetic” may minimise the impact of other factors including environmental on the expression of disease and the perceived stigma and societal implications on employment and marriage in large parts of the world of the term genetic. A compromise was reached in the position paper with the ILAE recommendation that IGE could still be used as a collective term for the four syndromes but that GGE could be used when the physician was happy to invoke a primarily genetic aetiology (Scheffer et al., 2017).




The 2017 definition of an epilepsy syndrome is a cluster of features incorporating seizure types, EEG, imaging, diurnal features, comorbidities and age dependency (in terms of onset and remission) that tend to occur together (Scheffer et al., 2017). The syndrome may have aetiological, prognostic and treatment implications. This is similar to that proposed by the ILAE in 1989 (Commission on Classification and Terminology of the ILAE, 1989). Traditionally syndromes have been defined by electroclinical features however in the last decade most novel but consistent epilepsy phenotypes have emerged from gene discovery. Cohorts of cases with a shared genetic aetiology have been studied and consistent electroclinical phenotypes emerged (Bahi-Buisson et al., 2008). In this context broad definitions of what constitutes an epilepsy syndrome have a greater clinical utility and could allow us to bring electroclinical entities which share consistent prognosis and management under the umbrella of the epilepsy syndrome.




An epilepsy syndrome is a condition characterised by epileptic seizures in which a consistent cluster of clinical, EEG and investigative features has specific aetiological, management and prognostic implications. An epilepsy syndrome may have one or more aetiologies. When a single aetiology is associated with a consistent epilepsy phenotype, the aetiology, for example a genetic or structural lesion, may best define the syndrome rather than a single clinical feature or an eponym.




This definition would allow childhood absence epilepsy, hippocampal sclerosis with focal seizures, hypothalamic hamartoma with gelastic seizures, and CDKL5 developmental and epileptic encephalopathy (DEE) to all be classed as epilepsy syndromes. Being inclusive may promote clinical trials in both the well-established electroclinical syndromes and those defined primarily by aetiology (Devinsky et al., 2017, Mullen et al., 2018). The definition is broader and will bring some conceptual challenges which are inevitable in a disease which is defined by a symptom. For example; it is possible that not only will children evolve from one syndrome to another for example Ohtahara syndrome to Infantile Spasms syndrome to Lennox-Gastaut syndrome but they may also have more than one syndrome at one time. For example; Infantile Spasms in a child with CDKL5 DEE or an individual with childhood epilepsy with centrotemporal spikes may develop encephalopathy with status epilepticus during sleep (ESES). It is still to be determined whether the ILAE adopts a more inclusive approach to syndrome definition.







Aetiology and comorbidities


The desire for personalised or precision medicine has driven the aetiological perspective of the 2017 ILAE Classification (Zuberi & Brunklaus, 2018). Precision medicine can be defined as prevention and therapy which takes individual variability into account. The 2017 ILAE Classification encourages the physician to stratify patients by aetiology at all stages of the diagnostic process. This is not a new concept in epilepsy classification however the focus at all stages of the diagnostic process and the defining of aetiological sub-groups has not been emphasised to this degree previously. An individual's epilepsy should be classified by the most detailed electroclinical description possible in terms of seizure type, epilepsy type and syndrome and this should always be linked to aetiology. If the aetiology is unknown then this should be emphasised thus encouraging the clinician to reconsider aetiology at subsequent consultations.




It is possible to classify by more than one aetiological group. An example would be focal onset infantile spasms associated with a focal cortical dysplasia. If the infant also has a diagnostic variant in the DEPDC5 gene as a cause of the dysplasia, then the child has both a structural and genetic aetiology. The structural aetiology may lead to epilepsy surgery the genetic aetiology should lead to genetic counselling for the family. An aetiological approach to diagnosis can encourage early epilepsy surgery and potentially improved outcomes (Braun & Cross, 2018). Requesting genetic testing early in a clinical evaluation in infancy may make a diagnosis early, suggest particular therapeutic approaches or avoiding others, prevent invasive investigations, aid in psychological adjustment and counselling for the family and save money for the health service (Brunklaus et al., 2013, de Lange et al., 2018, Howell et al., 2018).




Many of the epilepsies are associated with significant co-morbidities and these should be considered within epilepsy classification. Placing them within the classification framework emphasises their importance and that the epilepsy specialist should acknowledge that addressing them is their responsibility. These comorbidities may be another consequence of the aetiology underlying the epilepsy for example a hemiplegia in a child with an antenatal stroke who has focal seizures or they may be a consequence of the epilepsy, the psychological impact of the epilepsy or side effects of the treatment for the epilepsy. Comorbidities vary from mild specific learning difficulties to profound global intellectual impairment, motor disorders, autism and psychiatric disease. In the severe early onset genetic and developmental epileptic encephalopathies the underlying aetiology is the most important determinant of intellectual outcome and not the epileptic encephalopathy. Assessment and treatment of the co-morbidities independent of management of seizures should not be neglected in people with epilepsy (Brunklaus et al., 2011). In certain epilepsies there is the potential for amelioration of the epileptic encephalopathy through rapid and effective treatment. This is well recognised in infantile spasms with recent evidence indicating that lead time to treat may influence developmental outcome (O'Callaghan et al., 2018).







Classification of seizures and epilepsies in the neonate


Epileptic seizures have the highest age specific incidence in the first few days of life and are the commonest neurological emergency in the neonatal period (Ronen et al., 1999). Seizures in this age group are most frequently symptoms of an acute aetiology and for several reasons the electrographic seizure may have minimal or no clinical correlate. This may be because the immaturity of the neonatal brain allows uncoupling of the electrographic discharge from the clinical features particularly in the critically ill, cooled or encephalopathic patient (Nash et al., 2011). Anti-seizure medications can also result in uncoupling of the clinical and electrographic event (Scher et al., 2003). A sick newborn; intubated, ventilated, sedated and paralysed may have a high seizure burden which may go unrecognised without continuous cerebral function monitor (CFAM) or EEG recording (Murray et al., 2008). These special considerations led the Neonatal Seizure Task Force of the ILAE Commission for Classification and Terminology to propose a modification of the 2017 Classification which is likely to develop into an ILAE position paper by 2019 (Pressler et al., 2018).




Awareness and responsiveness cannot be determined confidently in the neonate and the clinical utility of this descriptor for a focal seizure is limited therefore it is eliminated from the neonatal classification proposal. A clear and clinically relevant distinction between generalised and focal seizures has not been established in seizures in the neonate therefore all seizures are regarded as focal. The classification emphasises the importance of video recording and continuous ampilitude-integrated EEG (aEEG) or EEG monitoring in neonates both to identify the many paroxysmal events which are non-epileptic in nature and to identify electrographic-only seizures or those with limited clinical signs. The framework developed for the neonate could readily be adapted for use in older children and adults with suspected seizures in the intensive care setting.







Epidemiology and prognosis


The epidemiology and prognosis of individual epilepsy syndromes will be covered in the relevant chapters. Prospective population-based studies take time and require precision and consistency in diagnostic evaluation across large cohorts (Thurman et al., 2011). A systematic review and meta-analysis of 222 international studies on epilepsy incidence and prevalence reported a point prevalence of epilepsy of 6.38 per 1,000 persons (95% CI 5.57­7.30), a pooled lifetime prevalence of 7.6 per 1,000 and an incidence rate of 61.44 per 100,000 patient years (95% CI 50.75­74.38) (Fiest et al., 2017). This review identified considerable heterogeneity between studies in relation to sampling methods, case ascertainment and diagnostic methods. Few studies are stratified by epilepsy type or aetiology let alone by epilepsy syndrome. With electronic records and the increasing availability of imaging, genetic and metabolic investigations it is hoped that more robust data will emerge on the incidence of specific early childhood onset syndromes, though the vast majority of studies to date remain retrospective in nature. A prospective study of new onset epilepsy in Iceland attempted to classify all new onset cases of epilepsy at all ages in a period of just over 3 years using the 1989 ILAE Classification (Olafsson et al., 2005). The authors reported a low percentage of specific epilepsy syndromes with the exception being Benign Rolandic Epilepsy in 25 cases comprising 20% of epilepsies with onset in childhood and 5% of the total. Childhood Absence Epilepsy was identified in 7 patients with an incidence of 0.8 per 100,000 patient years with a similar incidence for West syndrome. The authors commented that the 1989 syndromic classification had some flaws in relation to adult onset epilepsy though their study confirmed its usefulness in childhood in the epilepsies. In a prospective cohort in Connecticut 613 children diagnosed with epilepsy from 1993 to 1997 were assessed for syndromic diagnosis at 2 years following diagnosis (Berg et al., 2010). It is notable that 84 children had a change in epilepsy syndrome than that assigned soon after diagnosis. In 24 because the syndrome had evolved but in 60 because of a rectification of the initially assigned syndrome thus emphasising the time needed to make a confident syndromic diagnosis. Half of the syndrome evolutions were to Lennox-Gastaut syndrome. In this paper large non-specific groupings classes such as symptomatic localisation related epilepsies were regarded as syndromes.




It has been argued that as epilepsy course and remission cannot be easily predicted therefore syndrome classification cannot help predict course and remission of epilepsy however long-term syndrome specific outcome data are now emerging (Beghi, 2009). In a Swedish county of 60,192 children aged 1 month to 16 years 205 cases of active epilepsy were identified. 24% had onset in the first year and 50% before 4 years of age (Larsson & Eeg-Olofsson, 2006). A named syndrome could be diagnosed in 49.4% of cases. The percentage with Rolandic epilepsy (17%) and childhood absence epilepsy (5.9%) were similar to the Icelandic data. In a study of new-onset epilepsy and epilepsy syndromes in childhood a specific syndrome was assigned to 28% (99/359) of cases at presentation and in this group the syndromic diagnosis percentage only increased to 29% (105/359) at final follow up (Wirrel, 2011). Only six children developed a definite syndrome over time and only 3 evolved from one syndrome to another. In a retrospective study of children presenting with epilepsy less than one year of age from 1997 through 2006 to the Helsinki Hospital 158 cases were identified, of which 92% were followed to 24 months or death (Gaily et al., 2016). An epilepsy syndrome was identified in 58% of patients with West syndrome (41/100,000) and benign familial and non-familial infantile epilepsy (22/100,00) the most common syndromes. Genetic aetiologies were identified in 17% of cases however not all children had genetic testing. Many of the well-established clinical epilepsy syndromes of childhood have associated genetic aetiologies. Through early population-based prospective genetic testing linked to deep phenotyping at the onset of epilepsy and thereafter more accurate incidence figures for many of the epilepsy syndromes of infancy, childhood and adolescence will emerge.
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Introduction


“How will genetic testing for epilepsy syndromes


change my clinical practice of epilepsy?


I am still doing the same thing


I was taught as a house physician!”


A frequent question/comment during


	American Epilepsy Society meetings


The 6th edition of Epileptic Syndromes in Infancy, Childhood and Adolescence will be remembered as the editions when genetic testing of the epilepsy syndromes became part of the everyday clinical practice of the epilepsies. Several events that transpired during these editions prompted this development. First was the sequencing of the human genome and, in 2010, the reduction to less than $1,000 per person for the cost of parallel next generation whole exome/genome sequencing (WGS/WES) and, with this, the rise of commercial clinical genome centers. Second was the $215 million NIH investment in the Precision Medicine Initiative and new treatments tailored to the individual's genetic makeup, transforming how treatment is selected for genotyped epilepsies. The third events, which we are still witnessing, are the fruits of these initiatives and the beginning of the end of some fatal diseases. First, cystic fibrosis (Burgener & Moss, 2018), then Werdnig Hoffman spinal muscular atrophy 1 (Mendell JR et al., 2017), and more recently a fatal epilepsy of late infancy and early childhood, Batten disease ceroid-lipofucsinosis 2 (Schulz et al., 2018). One by one, disease mechanisms of fatal epilepsies of infancy, childhood and adolescence, are being targeted by the genius of basic researchers and pharma. By the time this 6th edition comes around in 2019, several of these fatal epilepsies will be undergoing curative treatment trials. Nevertheless, what has been equally important in placing genetic testing of epileptic syndromes into the heart and soul of the clinical practice of epilepsy was maybe the acceptance in 2012 by the American Board of Psychiatry and Neurology (ABPN) for the specialty practice of epileptology, and the start of diplomate examinations. The confluence of all these events ­ more inexpensive WGS/WES, the rise of commercial clinical genome centers, the Precision Medicine Initiative and the beginning quest to cure fatal epilepsies  are changing the everyday clinical practice of epileptology. And, today, one will not pass the ABPN Epilepsy Board exams if one does not know how to interpret genetic testing of epileptic syndromes.




Thus this chapter aims to i) present the genetic bases of 19 age-dependent genetically based epileptic syndromes and a cartography/chromosomal map of some epilepsy genes (Table I, Figure 1); ii) discuss clinical genetic testing for these epileptic syndromes and their disease causing genetic variants, focusing on genotyping that is of practical use to the clinician/practitioner; iii) guide the epilepsy practitioner on how to decide if genetic variants of these epilepsy genes are pathogenic based on the evidentiary criteria recommended by the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG-AMP) and summarized in ClinVar (there are now 84 genes considered to cause epilepsy as their primary symptome, 73 genes that cause both neurodevelopmental disability and epilepsy, some 536 genes associated with epilepsy and other systemic abnormalities [Wang et al., 2017]); and iv) focus on how clinical genetic testing is changing how we treat the epileptic syndromes.







Curating the epilepsy genome towards an atlas of the human epilepsy genome
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In 1969, Gastaut originally proposed to classify epilepsies into generalized and partial while subdividing generalized epilepsies into primary and secondary (Gastaut, 1969). In 1989, the ILAE Commission on Classification and Terminology developed the ILAE syndrome classification (Commission, 1989) after evaluating all the epilepsy syndromes that, until the early 1980s, had been described mainly by the “Gastaut Marseille” group and the “Janz German” school. This initiative was documented in the first edition of this book (Roger et al., 1985).




Historically, age-dependent genetic epileptic syndromes with normal neurologic status, without prior neurologic insult and without structural lesions on brain imaging acted as probes that cut into heterogeneous groups of specific epilepsies. This introduced new concepts in epileptology over the last four decades as ongoing research in brain imaging and video-EEG recordings of actual seizures further improved and refined our concepts on diagnosis and classification of epilepsy syndromes. Initially, the complexity and variability of phenotypes and overlapping clinical features limited the resolution of phenotype-based classification and confounded epilepsy nosology.




Then, came discovery of epilepsy genes in 1995 and proof of epilepsy causing variants/mutations changed our concepts of epilepsy syndromes into epilepsy diseases (see Table I and Figure 1 for epilepsy gene map/cartography). These are exemplified by germ line disease causing variants/mutations. Variants in the alpha-4 subunit of nACH receptor (CHRNA4) (Steinlein et al., 1995) was the first, then other nACH receptors such as CHRNA2 and CHRNB2 were associated with autosomal dominant nocturnal frontal lobe epilepsy, KCNQ2, and KCNQ3 with benign familial neonatal convulsions (Singh et al., 1998; Charlier et al., 1998; Biervert & Steilein, 1999; Biervert et al., 1998) alpha-2 subunit of GABA-A receptor with “febrile seizures plus syndrome” with absence seizures (Baulac et al., 2001; Wallace et al., 2001), the beta-3 subunit of GABA-A receptor with remitting childhood absence epilepsy (Tanaka et al., 2007), the leucine-rich glioma-inactivated 1 (LGI1) with familial temporal lobe epilepsy with auditory features (Ottman et al., 2010) and EFHC1 and ICK variants with juvenile myoclonic epilepsy (Bailey et al., 2017, 2018).




Interestingly, what sharpened the diagnostic view of the medical community to genetic testing of epilepsy syndromes was the 2001 discovery of somatic recurrent

de novo mutations in a sporadic epilepsy syndrome described by Dravet, e.g. the alpha1 subunit of the sodium channel (SCN1A) arising mainly from paternally derived chromosomes, the beta-1 subunit of sodium channel (SCN1B) (Wallace et al., 1998; Escayg et al., 2000, 2001), protocadherin 19 (PCDH19) in X-linked females with Dravet. This recognition of de novo mutations in sporadic epilepsies led to whole exome sequencing of developmental disabilities mixed with infantile epileptic encephalopathies such as infantile spasms in West syndrome and Lennox-Dravet syndrome which revealed in 2013, de novo variants in GABRb3, CACNA1A (calcium channel, voltagedependent, P/Q type, alpha-1A subunit), CHD2 (chromodomain helicase-DNA binding protein 2), FLNA (FilaminA), GABRa1, GRIN1 (glutamate receptor, ionotropic, N-methyl-D-aspartate, subunit 1), GRIN2B (glutamate receptor, ionotropic, N-methyl-D-aspartate, subunit 2B), HNRNPU (heterogenous nuclear ribonucleoprotein U), IQSEC2 (Intelligence quotient motif and SEC domain containing protein 2 in xp11.22), MTOR and NEDD4L (neural precursor cell-expressed developmentally down-regulated gene 4-like) (Allen et al., 2013) and, in 2017, de novo variants in NTRK2 (neurotrophic receptor tyrosine kinase 2), GABRB2, CLTC (clathrin heavy chain involved in spindle formation), DHDDS (dehydrodolichyl diphosphate synthase), NUS1, RAB11A (specifies recycling endosomes in formation of autophagosomes during autophagy), GABBR2 and SNAP25 (synaptosome associated protein 25, a core component of the N-ethylmaleimide-sensitive factor attachment complex involved in exocytosis) (Hamdan et al., 2017).




With association of disease causing variants with specific epileptic syndromes also came realization of specific antiepileptic drugs as “keys that fit the lock” of disease mechanisms of epileptic syndromes. The concept of “antiepileptic drugs that act as sodium channel blockers worsen genetic epilepsies” has to be modified. De novo SCN1A variants Dravet syndrome or epileptic encephalopathy is worse with sodium channel blockers but de novo SCN8A or SCN2A variants Dravet syndrome can respond favorably with sodium channel blockers. Some KCNT1 deficient malignant migrating partial epilepsies in infancy respond to quinidine (Abdelnour et al., 2018) but some to carbamazepine. Sodium channel blockers can also be effective in variant KCNQ2 while ketogenic diet has diverse efficacy in variant SCN1A, CDKL5, KCNQ2, STXBP1 and SCN2A (Ko et al., 2018).




When gene-panel sequencing platforms are used by commercial genome centers to screen for potentially pathogenic variants, they are targeting in combination these 84 genes whose mutations are primarily expressed as epilepsies, the 73 epileptic encephalopathies genes (Table I) and about 40 genetic diseases whose phenotype significantly include epilepsy (Table II).




Familial and sporadic 15q13.3 microdeletions in idiopathic generalized epilepsies are now explained as precedents for seizures with complex inheritance (Dibbens et al., 2009; Helbig et al., 2009).
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Concepts of genetic epilepsy syndromes


Ten genetic concepts of epilepsy syndromes as epilepsy diseases, based on the age-dependent genetic syndromes and their epilepsy causing pathogenic variants/mutations, can be summarized as follows:


• Concept 1: Epileptic encephalopathies of infancy and childhood can be genetic, as exemplified by STXBP1/MUNC18-1 or ARX or KCNQ2 mutations in Ohtahara syndrome (Kato et al., 2007; Saitsu et al., 2008; Weckhuysen et al., 2012).




• Concept 2: Ion channelopathies such as de novo SCN1A, SCN1B, SCN2A, SCN8A, SCN9A, KCNA2, KCNB1, KCNC1, KCNMA1, KCNQ2, KCNQ3, KCNT1, pathogenic variants in EIEE or Dravet syndrome (Claes et al., 2001; Dravet et al., 2005; Harkin et al., 2007; Wallace et al., 1998, 2001, 2003; Hirose et al., 2000) can cause simple febrile seizures and GEFS+ syndrome as well as benign neonatal, infantile epilepsy syndromes and epileptic encephalopathies (EE).




• Concept 3: Receptoropathies, e.g., pathogenic variants in nACH (CHRNA2, CHRNA4, CHRNB2) or GABR (GABRa1, GABRb1, GABRb2, GABRb3, GABRd, GABRg2) can cause genetic focal epilepsies (ADNFLE) (Steinlein et al., 1995; De Fusco et al., 2000; Hirose et al., 1999; Steinlein et al., 1997) as well as genetic generalized epilepsies:




- GEFS+ with absence epilepsies of childhood and adolescence (Baulac et al., 2001; Cossette et al., 2002);




- GRIN2A gene in epilepsy plus aphasia spectrum disorder composed by Rolandic epilepsy, atypical benign partial epilepsy, epileptic encephalopathy of continuous spike-and-waves during slow-wave sleep and Landau-Kleffner syndrome;




- GRIN2B in EIEE and GRIN2D in EIEE (Kearney, 2017; Dibbens et al., 2004; Wallace et al., 2001).




• Concept 4: Non-ion channel genes, e.g., myoclonin1/EFHC1, Intestinal cell kinase (ICK), Importin 8 (IPO8), PROSER1, MYOFERLIN, BRD2, EL4, TBC1D24, CDKL5, STXBP1 and MAG 12 can cause common epilepsies such as juvenile myoclonic epilepsy, Rolandic epilepsy, familial infantile myoclonic epilepsy and infantile spasms (Suzuki et al., 2004; de Nijs et al., 2009; Cavalleri et al., 2007; Pal et al., 2003; Lorenz et al., 2006; Strug et al., 2009; Falace et al., 2010; Corbett et al., 2010; Weaving et al., 2004; Deprez et al., 2010; Marshall et al., 2008; Mei et al., 2009).




• Concept 5: Some genes are transporters: SLC1A2 (solute carrier family 1-glial high affinity glutamate transporter) in EIEE, SLC12A5 (solute carrier family 12 ­ potassium/chloride transporter) in EIEE as well as IGE, SLC13A5 (solute carrier family 13-sodium dependent citrate transporter) in EIEE, SLC25A12 (solute carrier family 25,-mitochondrial carrier, aralar) in EIEE, SLC25A22 (solute carrier family 25-mitochondrial carrier, glutamate) in EIEE, SLC2A1 (solute carrier family 2-facilitated glucose transporter) in IGE and SLC6A1 (solute carrier family 6, neurotransmitter transporter, GABA) in myoclonic-atonic Doose syndrome.




• Concept 6: Genes involved in membrane trafficking and exocytosis: STX1B in GEFS+, STXBP1 in EIEE; SYNGAP1 (synaptic RAS-GTPase-activating protein) in EE plus autism spectrum.




• Concept 7: Cell adhesion molecules: CNTN2 in FAME and PCDH19 in Dravet syndrome.




• Concept 8: Genes involved in cell death in progressive myoclonus epilepsy, e.g., Laforin/DSP and cystatin B (Minassian et al., 1998; Serratosa et al., 1999; Pennachio et al., 1996), and the proteasome degradation pathways (malin/UbiquitinE3 ligase [Chen et al., 2003]), as well as errors in glycogen metabolism (Turnbull et al., 2011) can cause progressive myoclonus epilepsy.




• Concept 9: Specific developmental genes involved in cell proliferation (e.g., EMX2 homeobox gene in schizencephaly), migration (e.g., EFHC1, ICK and IPO8 in JME; filamin 1 gene in periventri-cular nodular heterotopia; US! gene or double cortin gene in X-linked lissencephaly and subcortical band heterotopia) and differentiation (G protein coupled receptor gene 6 or GPR56 in bilateral frontoparietal polymicrogyria) cause epilepsies in malformations of the cerebral cortex (Guerrini & Marini, 2006).




• Concept 10: Microscopic rearrangements, microdeletions and chromosomal defects are common causes of epilepsy, dysmorphisms and mild mental retardation (Dibbens et al., 2009; Helbig et al., 2009) (Table III).







Clinical genetic testing (genotyping) and genetic counseling in the epilepsies


■ Clinical genetic testing (genotyping)


The neurology and epileptology practitioner rightfully asks: “When do we clinically test for these genetic epileptic syndromes? And what practical importance do results have? Do results affect treatment and prognosis? What are the risks or limitations of clinical genetic testing?” Genetic information can be provided by genotyping the symptomatic patient and family members even up to 4th degree relatives (see www.genetests.org sponsored by NIH).




■ Genetic counseling


When the neurologist/epileptologist plans to diagnose an epilepsy syndrome by genetic testing, genetic counseling should be offered before blood is drawn for the genotyping of a symptomatic patient or for the presymptomatic diagnosis of members of a family with epilepsy (Blandfort et al., 1987; Ottman et al., 2010) ­ see www.nsqc.org to find genetic counselors. The epilepsy patient and his/her family should be educated by the genetic counselor about what the test methods can reveal, the limitations of the test methods, what his/her own genetic material can reveal, and the “ripple effects” and impact of epilepsy genetic information on the patient and family members. The epilepsy patient should be given time to weigh the advantages and disadvantages of being genotyped. The neurological practitioner and genetic counselor should warn family members that he or she may feel sad or guilty or even angry as a consequence of test results. Genetic counselors should include discussions on risk estimates of the epilepsy syndrome for siblings or future offspring, if relevant, address reproductive consequences of having an epilepsy gene, and consider teratogenesis of antiepileptic drugs if the patient is female. Counseling should also include a discussion of the financial costs for genotyping and whether medical insurance will pay because financial costs can run into thousands of dollars. In the USA, although healthcare insurers sometimes cover genetic testing of symptomatic patients, co-pays can be cost prohibitive running into US$5,000 to US$10,000 or more (Blandfort et al., 1987; Ottman et al., 2010).




■ When and why to test?


Examples of why the neurological practitioner/epileptologist applies clinical genetic testing are: i) in order to make medical decisions in diagnosis and treatment of myoclonic epilepsies or grand mal-clonic-tonic-clonic convulsions in infancy, e.g., clinch the diagnosis of SCN1A mutations in Dravet syndrome and avoid sodium channel blockers; ii) to obtain a diagnosis in drug resistant developmental and epileptic encephalopathies of infancy and early childhood; iii) to separate the various forms of ceroidlipofucsinoses in late infancy and childhood and offer intraventricular cerliponase alpha (Brineura) for Batten disease patients with CLN2 variants (Schulz et al., 2018); iv) to confirm the lack of GluN2A containing NMDA receptors (GRIN2A) in the epilepsy aphasia spectrum disorder; v) to separate the various genetic causes of absence epilepsy, e.g., T-type-calcium-channel variants, GABRa1, GABRb3, GABRg2, GABRb2 variants from SLC2A1 variants (glucose transporter or GLUT1 deficiency) and decide between AED versus ketogenic diet treament; vi) to separate JME variants from PME variants in adolescent onset grand mal-myoclonic-tonic-clonic convulsions and diagnose presymptomatic or early stage Lafora disease and offer early treatment, as metformin, an FDA approved “orphan drug” for Lafora disease; and vii) to test the carrier of an X-linked disorder in which females are often symptomatic, as in protocadherin 19 mutations in Dravet syndrome.




Family members have more personal reasons for genetic testing, such as life and family planning. Even if there is no treatment available for a fatal form of epilepsy, a family member or a parent may wish to know if he/she or an offspring is in a presymptomatic state. A newly married person may wish to be tested, asking if she is a carrier of an autosomal recessive epilepsy like Lafora disease or Unverricht-Lundborg disease. Carrier testing for at risk relatives and prenatal testing for pregnancies at increased risk are possible if both disease causing variant/mutations in a family is known. Rarely, has a person asked for genetic testing for prenatal diagnosis/preimplantation epilepsy diagnosis in our clinical practice.




The neurologist/epileptologist should know who will have access to results of genotyping and respect family confidentiality and the Genetic Information and Nondiscrimination Act of 2008 (see www.dnapolicy.org/gina) or equivalent policies in other parts of the world. It is worth repeating that the practitioner and genetic counselor should warn family members that he or she may feel sad or guilty or even angry as a consequence of test results in severe and fatal epilepsy syndromes. Thus, a mental health expert may need to be an important team member.




■ What are genetic variants?


Single nucleotide variants: a variation in a single base pair in the nucleotide sequence of a gene is called a “variant”. Pathogenic variants previously known as “mutations” change the amino acid sequence of the encoded protein and cause havoc in the protein's functions. Such variants arise during “germ line” processing of the meiosis stage formation of oocytes or spermatocytes. This is the usual case for single gene epileptic disorders that are transmitted by one parent through several generations (vertical transmission by a heterozygous dominant) or by both parents into the offspring generation (horizontal transmission by homozygous recessive). When both parents do not harbor a variant, it is presumed to have arisen “de novo”. When variations happen during embryonic development after the formation of the zygote, it is called “postzygotic mutation” or “somatic mutation”. This occurs in cortical dysplasias, hemimegalencephaly and neurocutaneous syndromes with megalencephaly.




Structural variants such as copy number variations, deletions/duplications: structural variants are genetic mutations affecting more than 50 basepairs and include rearrangements such as duplications, deletions, new insertions, inversions and translocations. When variations involve a number of nucleotides to as large as around 20 kB, they are called copy number variations (CNVs). Such CNVs can happen as deletions or duplications. When deletions/duplications/insertions result in a shift in the reading frame of the gene and stop protein synthesis, it is called a truncated protein.




■ What genetic tests to use?


The practitioner should know what test methods are available for structural variants like CNVs, insertions, microdeletions/duplications and know the costs for such tests. If the epilepsy syndrome is accompanied by dysmorphic features, cognitive regression and autism-like features, one can start looking for structural variants like CNVs, deletion/duplication by array comparative genomic hybridization. Commercial genome companies use chromosomal microarray analysis which yield a success rate of 5% (see Table IV for definitions of some terms used in test results).




In single gene epileptic disorders, a specific gene may be targeted (e.g., myoclonic epilepsy with ragged red fibers - MERRF - syndrome) or a panel of multiple genes associated with a specific phenotype in a so-called “platform” that can target 70 to 120 genes. Commercial genome companies actually perform what is more practical and execute whole exome sequencing and then target the 70 to 465 genes that emerge after whole exome sequencing (e.g., various genes tested as a batch causing early infantile epileptic encephalopathy or infantile spasms, or progressive myoclonus epilepsy or Dravet syndrome or absence epilepsy syndromes). There are presently 8 commercial epilepsy gene panels and the neurologist/epileptologist/practitioner should check if the epilepsy syndrome suspected is ably screened by the commercial gene panel. Only the Athena 232 gene panel encompasses all the genes contained in the other commercial companies (Dunn et al., 2018). Success in “hitting” on a specific and meaningful epilepsy variants range from 20% to 50%. When targeted sequencing does not yield a meaningful result, the rest of the genome can be searched for epilepsy genes that were not part of the targeted group, query for mosaicism and even new epilepsy genes.







■ Genetic test results impact treatment


At the present time, sensitivity, specificity and clinical utility of the screening epilepsy panels and whole exome sequencing enhances diagnosis and directs the practitioner towards the developing trends of treatment in a growing list of specific epilepsy syndromes. For many of these specific epilepsy syndromes, genotyping is the most direct, cost effective and accurate diagnostic test that can directly impact the choice of treatment. In the following examples of these specific epileptic syndromes, proof that certain agents aggravate or rescue seizures have come from multiple reports of single cases or actual prospective cohorts that justify future multicenter double blind randomized clinical trials.




Some examples where genotyping results impact treatment are: i) Dravet syndrome: separate SCN1A from SCN2A and SCN8A variants in repeating (5 or more) or prolonged (> 10 mins) febrile convulsions that start before 7 months of age; SCN1A variants worse with sodium channel blockers like carbamazepine or lamotrigine (Brunklaus et al., 2012), better with stiripentol, and cannabidiol and fenfluramine (Chiron et al., 2000; Ceulemans et al., 2012; Devinsky et al., 2017) while SCN2A and SCN8A variants respond to high dose phenytoin or carbamazepine (Wolff et al., 2017; Boerma et al., 2016; Barker et al., 2016); ii) infantile spasms caused by genetic epileptic encephalopathies; separate various channelopathies like KCNQ2 which responds to ezogabine, carbamezapine, phenytoin (Pisano et al., 2015) from PRRT2 which responds to carbamazepine (Ebrahimi-Fakhari et al., 2015) and metabolic diseases (PLCB1, which responds to inositol; recessive variants of ALDH7A1 which responds to pyridoxine; PNPO which responds to pridoxal-5-phosphate); iii) malignant migrating focal epilepsies: quinidine or carbamezapine for gain of function KCNT1 variants (Abdelnour et al., 2018); iv) epilepsy with speech disorder spectrum: memantine for GRIN2A variants (Pierson et al., 2014); v) cortical dysplasias: genotypes of epilepsies with MRI proven cortical malformations can help separate tuberous sclerosis from disorders of migration and cell proliferation, also help decide surgery and prognosis; consider everolimus or other mTOR inhibitors for tuberous sclerosis and cortical dysplasias; vi) childhood and adolescent myoclonias and clonic-tonic-clonic seizures of JME and CAE from progressive myoclonus epilepsies; and vii) absence epilepsy of early childhood due to GLUT1 deficiency which responds to ketogenic diet (Kass et al., 2016) should be separated from childhood absences associated with GABR subunit variants, e.g. GABRb3, GABRb2, GABRg2 variants which may respond to clobazam or clonazepam.




Presymptomatic genetic testing for the progressive myoclonus epilepsies can be justified since therapeutic agents can now be offered e.g., in Lafora type PME when (a) IV gentamicin and the emerging premature stop-codon read-through drugs, such as PTC124, can be offered as “compassionate therapy” for nonsense mutations; and (b) metformin has now been approved by the FDA as an “orphan drug” for Lafora disease. Presymptomatic genetic testing in children of families with Lafora PME is justified because an abnormal genetic test results in 100% assurance that Lafora disease will develop and IV gentamicin can be started early in nonsense mutations or metformin for Lafora disease in general. Neurologist and epileptologists should not undertake this approach by themselves and should have a genetic counselor lead the pretest counseling.




■ How to tell a variant is pathogenic?


The practitioner should know how to interpret results of the genetic tests, what it means when the commercial lab reports a variant is “pathogenic” or “likely pathogenic” or a benign polymorphism. The first step is to familiarize oneself with the principles that underlie the guidelines of the National Human Genome Research Institute (NHGRI) (MacArthur et al., 2014) for investigating disease causality of sequence variants in human disease and the evidentiary criteria recommended by the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG­AMP) (Richards et al., 2015) for classifying variants as “pathogenic” or “likely pathogenic” or “benign”. The second step is to check how ClinVar, a public archive of human genetic variants maintained at NIH, interpret the significance of a variant reported to you by the commercial genome lab. ClinVar summarizes the properties of variants, and the supporting observations and evidences that make it “pathogenic” or “likely pathogenic” based on NHGRI and ACMG-AMP guidelines. (https://www.clinicalgenome.org/site/assets/files/1594/landrum_clinvar.pdf).




For the first step, the practitioner can use Figure 2, which depicts in the first column, the core guidelines used by the NHGRI to assign disease causality to variants. The NHGRI working group addresses rare germline variants with minor allele frequencies of < 0.01 that have relatively large effects on disease risk, variants that are “genetically implicated” as pathogenic in severe monogenic diseases and complex diseases (MacArthur et al., 2014).
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■ The concept of genetic implication


Since “unambiguous assignment of disease causality for sequence variants is often impossible,” the NHGRI guidelines introduced the concept of “implication” - implicating by genetic evidence sequence variant(s) of a gene that is in the process of integrating and assessing experimental evidence for pathogenicity.




Because 27% of published severe disease mutations are either common polymorphisms or lack direct evidence for pathogenicity (MacArthur et al., 2014) and even ClinVar has 11.5% of genetic disorders with inflation in pathogenic variant setups, (Shah et al., 2018), the NHGRI guidelines emphasized the “critical primacy of strong robust statistical genetic support” for genetic implication such as co-inheritance in family studies, case control association studies, allele frequencies in (a) controls of ancestral origin similar to the ancestral origin of the person in whom the variants were discovered and (b) allele frequencies in public genome databases such as gnomAD and theoretical predictions for conservation and pathogenicity. Strong statistical genetic support for “implication” is then supplemented by variant specific experimental studies that demonstrate that a gene product is functionally disrupted by variants. The NHGRI guidelines value disease models that recapitulate the relevant pathology of human disease and that allows rescue of the phenotype when the molecular disease pathway is knocked out or eliminated. The ACMG-AMP guidelines, on the other hand (see columns 2 and 3 of figure 2), concerned more with reports of clinical genomic testing that impact medical decision making, took the evidentiary data recommended by NHGRI guidelines for assigning disease causality to variants, and rated their strengths as “very strong” “strong, “moderate” and “supportive”. They then set rules for combining the strengths of these evidentiary data when classifying sequence variants into “pathogenic”, “likely pathogenic”, “uncertain significance”, “likely benign” and “benign” (Figure 2).




Here, again, the practitioner should separate what an author claims or a commercial genome lab reports as “pathogenic” or “likely pathogenic” from what is “pathogenic or likely pathogenic” by ACMG-AMP guidelines and as annotated and summarized in ClinVar. When ACMG-AMP combinatorial criteria are used, the term “pathogenic” means over 95% chance of being disease producing and “likely pathogenic” means 90% chance of being disease producing.







Genetic testing for epileptic encephalopathies of infancy (EEI) and implications for treatment


Epileptic encephalopathies (EE) of infancy are conditions where sustained and recurrent epileptic activities are considered to be the major contributor to impaired motor, sensory and cognitive development. Combined neurodevelopmental disabilities and epileptic encephalopathies, now termed developmental and epileptic encephalopathies (DEE), recognize that an underlying etiology contribute to the encephalopathy in addition to the dire consequences of uncontrolled epileptic seizures. Genetic testing has helped separate and solidify these EE and DEE as true clinical entities and diseases. They appear in the neonatal period often with lethargy or coma due to epileptic seizures and include early myoclonic encephalopathy (EME) of Aicardi-Goutières with erratic myoclonus, early infancy epileptic encephalopathy (EIEE) of Ohtahara with tonic seizures, infantile spasms of West syndrome, Dravet syndrome, and malignant migrating partial seizures in infancy.




In a seminal contribution, Wolff et al. (2017) correlated response to sodium channel blockers in 66 patients with EE with loss or gain of function SCN2A mutations. Sodium channel blockers were often associated with clinically relevant seizure reduction or seizure freedom in early infantile epilepsies (< 3 months) with gain of function SCN2A mutations, whereas sodium channel blockers were rarely effective in epilepsies with later onset (≥ 3 months) and loss of function SCN2A mutations. The studies by Wolff et al. point to a trend supported by independent reports that gain of function mutations or loss of function mutations may influence response to channel blockers. Good response to phenytoin, a sodium channel blocker, in SCN8A gain of function mutations, has been observed by other investigators in EE in infancy (Boerma et al., 2016; Barker, 2016).




Valproate and lamotrigine have been reported to make a rolandic epilepsy patient with gain of function GluN2A N447K variant seizure-free (Xu et al., 2018). In which cell type and in which brain tissue a specific ion channel is expressed may also play a role in efficacy of seizure control by sodium channel blockers. SCN1A is expressed in GABAergic interneurons in cerebral cortex and in layer II stellate neurons of the medial entorhinal cortex while SCN2A, SCN3A and SCN8A are expressed in glutamergic pyramidal neurons. Sodium channel blockers can reduce seizures in SCN2A and SCN8A (EEI-13) neurodevelopmental disorders while aggravating seizures in SCN1A Dravet syndrome (Lai et al. presented in AES, 2017; Atkin et al., 2018; Ottolini et al., 2017). Phenytoin and carbamezepine have also been reported to be beneficial in retrospectively accumulated cohorts of KCNQ2 EE (Pisano, 2015). In general, disease-causing variants can be found in 23.5% and deletion/duplications in 9% of epileptic encephalopathies in infancy with the highest yield being SCN1A and KCNQ2 variants (Lindy et al., 2018). In over half of cases, the genotypes have driven the treatment.




■ Early myoclonic encephalopathy of Aicardi-Goutières


EME is a very rare genetic disorder characterized by erratic myoclonus, hypotonia, limited cognitive development, calcification of basal ganglia and EEG suppression-bursts. The syndrome is now considered an autoinflammatory disorder and has been associated with seven different genes encoding proteins implicated in the metabolism of nucleic acids, including SAMHD1 which is a dNTP triphosphohydrolase (dNTPase) enzyme that controls the intracellular level of deoxyribonucleoside triphosphates (dNTPs) and plays a role in innate immune sensing and autoimmune disease. It inhibits infection of blood cells by retroviruses, including HIV, and prevents the development of the autoinflammatory Aicardi-Goutières syndrome. The inactive apo-SAMHD1 interconverts between monomers and dimers, and in the presence of dGTP the protein assembles into catalytically active tetramers (Ballana & Este, 2015).




■ Early infantile epileptic encephalopathy of Ohtahara


Most infants with Ohtahara syndrome have structural brain abnormalities as shown by brain MRI but a variety of pathogenic variants have been implicated and their disease mechanisms explained. Pathogenic variants in SLC25A22 encoding a mitochondrial glutamate transporter were associated with EIEE and the accumulation of glutamate in astrocytes was hypothesized to result in seizures (Molinari et al., 2006, 2009). Milh et al. (2007) then showed that inhibition of glutamate transporters in rat pups “in vivo” produced suppresion-burst patterns in the EEG. A hemizygous 33-bp duplication in exon 2 of aristaless-related homeobox gene (ARX) in Xp21.3 was first reported by Kato et al. (2007) in two unrelated patients with EIEE. ARX produces a transcription factor essential for development of cerebral interneurons. In 2010, Giordano et al. found missense variants in exon 5 of ARX in monozygotic twin sisters with EIEE. Saitsu et al. (2010a, 2011) found STXBP1/MUNC 18-1 variants in chromosome 9q34 in 14 unrelated patients with EIEE, as well as paternal mosaicism. STXBP1 is a regulatory component of the SNARE complex, which is involved in neuronal exocytosis and fusion steps during neurotransmitter release. Weckhuysen et al. (2012) first reported de novo mutations in KCNQ2 in EIEE. Mutations in SCN2A have also been reported in EIEE (Liang et al., 2017). Early infancy EE was reported to associate with SCN8A mutations in Chinese patients (Wang et al., 2017).




■ Infantile spasms


When and what do you genotype in infantile spasms (West syndrome)?


When flexor or extensor or axial spasms are observed in an infant, an overnight 24 hours video-EEG is performed to demonstrate hypsarrythmia and document the semiology of infantile spasms. Brain imaging with MRI and 18fluoro 2 deoxyglucose (2FDG) PET scan should be done. A short trial with pyridoxine (100 mg IV) is followed by ACTH or viGABAtrin treatment. Sixty to 75% of infantile spasms are symptomatic, e.g. an evident associated underlying disorder (Jellinger, 1987; Riikonen, 2001, 2010; Pellock et al., 2010). Brain imaging can display hypoxic-ischemic encephalopathy (33%), phacomatoses including tuberous sclerosis (16­25%), brain malformations including lissencephaly (4%), Down syndrome (6%), brain tumors, hydrocephalus and in utero infections. Structural lesions specific to tuberous scleroses or cortical dysplasias compel their respective genotyping panels. Diagnosing tuberous scleroses is important because a specific treatment for its disease pathways is now available, e.g., rapamycin in addition to specific antiseizure medication (viGABAtrin) for its infantile spasms (Wong, 2010; Chiron et al., 1997; Elterman et al., 2001). Certain cortical dysplasias that can be treated surgically may not be detectable on MRI before 24 to 30 months of age and require 2FDG PET scan of the brain as well as fusion/coregistration of MRI and PET scans (Salamon et al., 2008; Guerrini & Marini, 2006).




Twenty-five percent to 40% of infantile spasms are idiopathic and patients have a normal development before infantile spasms start. Forty percent of idiopathic infantile spasms patients, in turn, have a positive family history and suggest a genetic etiology (Figure 2). Thus, genotyping for genetic causes of infantile spasms should be done after brain imaging does not show structural disease. After all, the best results of ACTH treatment are in the idiopathic variety and the most favorable results of vigabatrin treatment are in tuberous sclerosis (Lux et al., 2004, 2005; Vigevano & Cilio, 1997). Trials with folinic acid for folinic acid sensitive infantile spasms (Gallagher et al., 2009) or pyridoxine and vitamin B6 and for mutations in antiquitin for pyridoxine dependency infantile spasms (Mills et al., 2006), biotine for biotinidase deficiency, serine for serine synthesis deficiency (Kalscheuer et al., 2003), creatine for creatine deficiency and ketogenic diet for de vivo disease are all worth trying after proving their presence by genotyping idiopathic forms of infantile spasms. Over half of idiopathic infantile spasms develop normally.




In idiopathic infantile spasms where brain imaging is normal, metabolic disorders of lysosomes, peroxisomes and Golgi apparatus, energy metabolism, amino acid catabolism, synthesis/degradation of lipids and proteins, and non-ketotic hyperglycemia should be examined. Infantile spasms can result from excitotoxic mechanisms and reduction of ATP in disorders of pyruvate cycle, Krebs cycle and mitochondrial respiratory pathways.




Deletions of the MAGI2 gene at chromosome 7q11.23-q21.1 (Marshall et al., 2008), X-linked cyclin dependent kinase like-5 (CDKL5/STK9) gene and interneuron related transcription factor Aristaless related homoebox gene (ARX) (Stromme et al., 2002) should be screened for. Molecular cytogenetics and karyotyping are mandatory in these patients.




Many of the genetic causes of infantile spasms are forms of epileptic encephalopathies or EE. As mentioned earlier, Dravet syndrome was the first of the genetic forms of EE to be described. Since then, other epileptic infantile encephalopathies have been proven to be genetic. The difference with Dravet syndrome is that the phenotype more commonly consists of infantile spasms (Table I and Figure 1). Such genetic epileptic encephalopathies can be caused by mutations in i) X linked cyclin dependent kinase like-5 (CDKL5/STK9) gene causing X linked infantile spasms, mental retardation and clinical features that overlap Rett and Angelman EE (Weaving et al., 2004); ii) X linked interneuron related transcription factor ARX causing EE with West syndrome, infantile spasms, spasticity, Partington syndrome (mental retardation, ataxia and dystonia), EEG multifocal spikes, EEG electrodecremental episodes, lissencephaly, and mental retardation (Stromme et al., 2002; Kitamura et al., 2002); iii) Xq22 gene SPRX2 that produces rolandic seizures associated with oral and speech dyspraxia and mental retardation or bilateral perisylvian polymicrogyria (Roll et al., 2006); iv) X linked protocadherin 19 gene (PCDH19) in female limited epilepsy and mental retardation (Dibbens et al., 2008; Depienne et al., 2009); v) syntaxin binding protein 1 or STXBP1(MUNC18-1) causing early EIEE (Ohtahara syndrome) (Saitsu et al., 2008, 2011); vi) deletion in the MAG12 gene in chromosome 7q11.23-q21.11 as mentioned above (Marshall et al., 2008); and vii) dominant-negative mutations in alpha II spectrin (Saitsu et al., 2010b).
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De novo, X-linked and gain of function variants in Infantile Spasms and Lennox-Gastaut Syndrome




In 2013, Epi4K and EPGP Investigators searched for de novo mutations in two “classic” forms of EE: Infantile Spasms (IS) or West Syndrome and Lennox-Gastaut Syndrome (LGS). Exomes of 264 trios were sequenced and 439 putative de novo mutations were identified. Sanger sequencing confirmed 329 de novo mutations. In these 264 trios, nine genes with de novo SNV mutations were present in two or more probands (SCN1A n = 7, STXBP1 n = 5, GABRB3 n = 4, CDKL5 n = 3, SCN8A n = 2, SCN2A n = 2, ALG13 n = 2, DNM1 n = 2, and HDAC4 n = 2). Amongst these nine genes, SCN1A, STXBP1, SCN8A, SCN2A, and CDKL5 have previously been associated with EE.8




Investigators claim that they had implicated, for the first time, “GABRB as a single gene cause of EE and provide the strongest evidence yet available for any epilepsy” based on i) four unique de novo mutations in GABRB3; ii) the absence of similar de novo mutations in 610 control exomes; iii) a computational modeling of these genes associated with EE having low tolerance for protein-disrupting mutations and producing adverse phenotypic consequences. They used the same reasoning to implicate ALG13, an X-linked gene encoding a subunit of the uridine diphosphate-N-acetylglucosamine transferase, which had been reported in two earlier studies of severe intellectual disability and seizures.




In 2017, Hamdan et al. combined three strategies during a search for de novo mutations in persons with develomental and epileptic encephalopathy (DEE): i) they identified candidate variants with de novo mutations during whole genome sequencing of 197 individuals with both epilepsy and intellectual disability; ii) they identified additional individuals with the same candidate variants in another series; iii) they combined several datasets of developmental and epileptic encephalopathy and intellectual disability. By combining these strategies, these authors suggested a causal link between DEE and NTRK2, GABRB2, CLTC, DHDDS, NUS1, RAB11A, GABBR2, and SNAP25. Overall, a molecular diagnosis was established in 63/197 (32%) of individuals who were whole genome sequenced.




The importance of GABRB3 mutations with regards to causality in simple febrile seizures, genetic epilepsies with febrile seizures plus, epilepsy with myoclonic-atonic seizures, West syndrome and other types of severe, early-onset epileptic encephalopathies were emphasized further by Moller et al. (2017) who identified 22 patients with heterozygous mutations in GABRB3, Electrophysiologic analysis of 7 GABRB3, mutations in Xenopus laevis oocytes, using coexpression of wild-type or mutant β3, together with α5 and γ2s subunits and an automated 2-microelectrode voltage-clamp system, revealed reduced GABA-induced current amplitudes or GABA sensitivity for 5 of 7 mutations.




Epileptic seizure types, a varying degree of intellectual disability and developmental delay, sometimes with dysmorphic features or nystagmus have also been associated with variants in GABRA3 encoding the α3-subunit of the GABAA receptor of chromosome Xq28 (Niturad et al., 2017).




Aristaless-related homeobox X-linked gene (ARX) which results in defective GABAergic interneuronal migration has also been observed in in infants with West syndrome (Katsarou et al., 2017).




More recently, an autosomal-recessive DEE was associated with biallelic variants in PTPN23, which encodes a tyrosine phosphatase (Sowada et al., 2017). Myers et al. (2017) identified six individuals with DEE harboring a de novo mutation in PPP3Ca, which encodes the alpha isoform of calcineurin (a calcium and calmodulin dependent serine/threonine phosphatase).




A cohort of 23 patients with epileptic encephalopathy carrying loss or gain of function KCNA2 mutations was reported by Masnada et al. (2017). The more severe epilepsy, developmental problems and ataxia, and atrophy of the cerebellum or even the whole brain was observed in about half of the patients with gain-of-function mutations. Saitsu et al. (2016b) described the phenotypic spectrum of GNAO1 variants in epileptic encephalopathy with involuntary movements.




Malignant migrating partial seizures in infancy (MMPSI)


In 1995, Coppola et al. described healthy infants without cerebral dysplasia who develop within the first 6 months multifocal seizures that arise sequentially and independently from both cerebral hemispheres. Intractable seizures led to severe psychomotor retardation with 28% mortality. McTague et al. (2013) were the first to associate variants in sodium activated potassium channel or KCNT1 with two patients with MMPSI. Since then, pathogenic variants in KCNT1 have been reported in 50% of cases while single or two case series have been reported with de novo GABRB3 variants, SCN2A variants, SCN1A variants, and SMC1A (structural maintenance of chromosome 1A) variants in X chromosome, that encode a structural component of the cohesin complex. MMPS! has also been associated with compound heterozygous constellation consisting of a maternally inherited p.Ser399Leu and a de novo p.Arg880Leu in SLC12A5, which encodes the neuronal KCC2 cotransporter and compound heterozygous mutation of TBC1D24 gene (p.Gln207*, p.Ala289Va). Saitsu et al. (2016a) sequenced whole exomes of ten sporadic and one familial case of MMPSI and observed compound heterozygous SLC12A5 (encoding the neuronal K(+)-Cl(-) co-transporter KCC2) variants in two families: c.279 + 1G>C causing skipping of exon 3 in the transcript (p.E50_Q93del) and c.572 C>T (p.A191V) in individuals 1 and 2, and c.967T >C (p.S323P) and c.1243 A>G (p.M415V) in individual 3. Zhou et al. (2018) screened 70 patients with EE and found KCNT1, KCNQ2 and CLCN4 were most common in MMPSI. Milligan, (2014) studied Xenopus laevis oocyte transfected with 7 different MMPS! by single cell patch clamp and illustrated gain of function properties normalized by quinidine. Abdelnour (2018) reported four cases of MMPSI whose seizures were reduced by quinidine.




■ Dravet syndrome


For repeating or prolonged febrile seizures in the first year of life, genotype for SCN1A, SCN2A, SCN8A, SCN9A and PCDH19


In the 1970s, Dravet and Bureau observed that some infants who presented with myoclonic seizures did not fulfill the criteria for the Lennox-Gastaut syndrome (LGS) (Dravet, 1965; Gastaut et al., 1966). These patients had varying seizure phenotypes and an especially large spectrum of outcomes (Genton et al., 2005). This led them to separate these infants from the LGS. They noted that most infants had repeated and prolonged febrile seizures in the first year of life, prolonged clonic seizures during sleep, and later myoclonus, plus a variety of other seizure types. By the second year, cognitive decline was evident often leading to mental deterioration and severe retardation. The patients did not have generalized tonic seizures, or drop attacks and the prominent sleep-related EEG changes (runs of rapid spikes and slow variety of diffuse spike waves) so characteristic of LGS. They called the syndrome “severe myoclonic epilepsy in infancy” or SMEI (Dravet, 1978; Dalla Bernardina et al., 1982). Originally considered rare, SMEI was first reported to occur in 1 in 20,000 to 1 in 40,000 of the population (Yakoub et al., 1992). By 1999, SMEI was found in 8% of seizures during the first year of life (Dravet et al., 2005, 2005a; Hattori et al., 2008).




When Claes et al. (2001) reported that de novo mutations in SCN1A caused a majority of isolated sporadic SMEI, it showed that sporadic epileptic encephalopathies of infancy can be genetic. Practitioners presently confirm the clinical diagnosis of Dravet's syndrome by the presence of de novo mutations in SCN1A (70%) (Claes et al., 2001; Marini et al., 2007), SCN9A (8%) (Singh et al., 2009) and in proto-cadherin 19 gene or PCDH19 (5%) (Dibbens et al., 2008; Depienne et al., 2009; Marini et al., 2010) (Table V). There are rare reports of mutations in SCN1B and SCN2A in Dravet syndrome. SCN1A is currently the most common epilepsy gene commercially screened because, for the community neurological practitioner, a mutation in SCN1A underpins the clinical diagnosis of Dravet syndrome. It remains perhaps the most important clinical advance in ion channelopathies because the mutation is de novo, and the epilepsy is sporadic and relatively frequent among channelopathies. Dravet syndrome is infrequently familial (5%).




“Targeted Sequencing” of SCN1A is the primary test as it detects mutations in 70­80% of Dravet syndrome. More than 630 novel mutations spread throughout the gene, and 95% are de novo (Mulley et al., 2005; Ferraro et al., 2006). Small chromosomal rearrangements involving SCN1A and contagious genes are also on record to be associated with Dravet syndrome. The alterations range from large deletions including SCN1A and several contiguous genes to single SCN1A exon deletions. SCN1A cryptic genomic deletions are rare and range from 607 kb to 4.7 Mb in size (Marini et al., 2009; Wang et al., 2008). Multiplex ligation-dependent probe amplification (MLPA) is a rapid, highly sensitive and relatively economical diagnostic tool that detects all copy number variations of SCN1A from the megabase range to one exon. Sequencing fails to detect a SCN1A mutation in about 10%. In the latter clinical situation, MLPA can be positive and clinch the diagnosis.




Nearly 300 de novo mutations in SCN1A have been described in other epilepsies but in Dravet syndrome, the variants are largely of paternal origin (Heron et al., 2007). SCN1A has 26 exons in 100 kb genome. The de novo mutations in SCN1A include nonsense mutations and frameshifts (52­70%); 12­27% are missense mutations (Claes et al., 2001; Fugiwara et al., 2003, 2006; Ohmori et al., 2002, 2003; Oguni et al. 2001, 2005; Nabbout et al., 2003; Wallace et al., 2003; Harkin et al., 2007; Marini et al., 2007). Nonsense and frameshift mutations cluster in the C terminus and loop between segments 5 and 6 of the first three domains of SCN1A. The 12­27% missense mutations occupy the voltage sensor of SCN1A. Ceulemans et al. (2004) and Kanai et al. (2004) observed that missense mutations around the pore-forming region and around the voltage sensor region were more likely to produce the most severe phenotype.




Kim et al. (2018) studied GABAergic neurons derived from induced pluripotent stem cells from fibroblasts of Dravet patients. Interestingly, a missense mutation, c.4261G-had more severe symptoms than a nonsense frameshift mutation, c.3576_3580 del TCAAA [GenBank: NM_006920.4]. Electrophysiologic recordings showed significantly lower sodium current density and reduced action potential frequency at strong current injection (> 60-pA) in GABAergic neurons derived from both Dravet patients.




Five percent of SCN1A mutations are also found in other family members. Such family members more commonly have the GEFS+ phenotypes; and less frequently they also have SMEI. Mosaic mutations of SCN1A have been rarely observed in several SMEI patients who manifest a milder form of the SMEI phenotype.




SCN9A can cause or modify Dravet syndrome: After finding a missense mutation (p.N641Y) in a highly conserved amino acid within the cytoplasmic loop between transmembrane domains I and II of SCN9A in 21 affected members of a large Utah family with febrile seizures, Singh et al. (2009) further analyzed 92 unrelated febrile seizure patients and found missense variants in 5% of patients. Singh et al. (2009) then extended their analyses to 109 Dravet syndrome patients and found missense variants in 9 patients (8%), all in highly conserved amino acids. Six of these 9 Dravet syndrome patients with SCN9A mutations also had missense or splice site mutations in SCN1A, providing for the first time mutational evidence for a modifying digenic mechanism for a human epilepsy. Three Dravet syndrome patients had only SCN9A mutations and no SCN1A mutation. These studies by Singh et al. (2009) provides evidence for SCN9A as a cause for febrile seizures, as a cause for Dravet syndrome, and as a modifying gene for SCN1A mutations (“two hit hypotheses”) in some Dravet syndrome patients. Until the reports by Singh et al. (2009), SCN9A had been previously classified as a peripheral nervous system channel-SCN9A encodes Nav1.7 which is primarily expressed in neurons of the dorsal root ganglion and brain. Disease associated mutations in SCN9A are observed in three inherited pain disorders, namely, autosomal dominant primary erytheromalgia, paroxysmal extreme pain disorder and autosomal recessive insensitivity to pain.




PCDH19, the protocadherin 19 gene: Dibbens et al. (2008) first reported X-linked PCDH19 as the disease causing gene for female limited epilepsy and cognitive impairment in six large families and one small family with two affected sib pairs. Independently, Depienne et al. (2009) observed point mutations in PCDH19 in 11 unrelated females with clinical features similar to Dravet syndrome. Depienne et al. (2009) had initially identified a whole PCDH19 gene deletion in a mosaic male patient with Dravet syndrome. The same authors (Depienne et al., 2009) and others (Marini et al., 2010) since calculate that mutations in PCDH19 could account for 5% of Dravet syndrome patients. Higurashi (2013) reduced clusters of seizures in PCDH19 Dravet syndrome by IV methylprednisolone while Lotte (2016) had some success (50% reduction) with clobazam in 68% of PCDH19 Dravet syndrome.




Aside from febrile seizure before 7 months of age, in what other clinical settings does the practitioner genotype

SCN1A, SCN9A and PCDH19?


SCN1A and SCN9A should be genotyped by the community neurological practitioner in three clinical settings besides febrile seizures that start between 6 to 12 months of age and that are repeated or prolonged or evolve to convulsive status epilepticus. The three other settings include: i) when intractable grand mal tonic clonic or clonic tonic clonic seizures that start during infancy and into the second year of life (peripheral or borderline SMEI or SMEB) (Fugiwara et al., 2003); ii) when an epileptic encephalo-pathy is blamed on vaccine encephalopathy as in post pertussis vaccine encephalopathy (Berkovic et al., 2006); and iii) when the start and origins of refractory epilepsy and mild mental retardation in an adult can be traced to infancy and the early story during infancy is consistent with SMEI (adults with SMEI or SMEB) (Jansen et al., 2006). In other words, when the practitioner suspect Dravet syndrome, genotype!




Because of early and correct diagnosis by genotyping of SCN1A or SCN9A mutations, the avoidance of sodium channel blockers as treatment, and aggressive treatment of prolonged convulsive status, there is hope that, in future, the Dravet syndrome may be less severe than observed in all past reports. Today, once the presence of SCN1A mutations are confirmed in the first year of life, sodium channel blockers, such as phenytoin, carbamazepine, oxcarbazepine and lamotrigine, should be avoided (Ceulemans et al., 2004). These antiepileptic drugs are known to aggravate seizures and cause status epilepticus (Guerrini et al., 1998). Status epilepticus, in turn, is suspected to contribute to if not cause the severity of mental retardation and death in Dravet's SMEI. Status epilepticus is listed as a cause of death in the series of Dravet (1992) and in the series of Sakauchi et al. (2011). Aggressive and acute seizure treatment with intravenous benzodiazepines, rigorous treatment of fever, prevention of hyperthermia, and maintenance of chronic treatment using combination antiepileptic drug treatment, such as valproate plus stiripentol (Chiron et al., 2000) or valproate plus levetiracetam or valproate plus topiramate or valproate plus ketogenic diet (Guerrini et al., 1998a, 1998b; Striano et al., 2007; Ceulemans et al., 2004; Korff et al., 2007; Caraballo et al., 2005) and most recently valproate plus cannabidiol (Devinsky et al., 2017) are recommended. Since one-half to two-thirds of mutations are nonsense mutations, there is a 6% to 15.9% mortality rate (Dravet et al., 1992; Sakauchi et al., 2011) and all patients have some cognitive deficits by 2 years of age, a study trial with a premature stopcodon drug, such as IV gentamicin or oral “read through drugs like Exondys” that cross the blood brain barrier and even gene replacement therapy using adeno-associated virus serotype 9 should be conducted in the future.




Dravet syndrome cuts into the heterogeneous nature of febrile seizures in two ways: it proved the existence of genetic epileptic encephalopathies, and it gave practical importance to genotyping and separating Dravet syndrome from complex febrile seizures and GEFS+ syndrome. Between 1996 to the present, six separate chromosome loci have been reported for familial febrile seizures: FEB1 in 8q13­21, FEB2 in 19p, FEB3 in 2q23­24, FEB4 in 5q14-q15, FEB5 in 6q22-24 and FEB6 in 18p11. In 2009, Singh et al. identified the FEB3 gene to be SCN9A. These investigators further showed that 5% of unrelated febrile seizure patients from Utah had missense mutations in SCN9A.




After one of the children with febrile seizures later developed Dravet syndrome, they sequenced the SCN1A gene and found a heterozygous frameshift mutation. Further analyses of 109 Dravet syndrome patients found 8% to have missense mutations in SCN9A. Six Dravet syndrome patients had both SCN9A missense variants and missense or splice site SCN1A mutations.




■ GEFS+ and febrile seizures


More than 160 families have now been studied with GEFS, the acronym now standing for the newer term “Genetic Epilepsy with febrile seizures plus”, as suggested by Schefer and Berkovic, who originally described the syndrome in 1997 (Zhang et al., 2017). The latter authors recommend molecular genotyping for individuals with GEFS+ phenotypes. Thus, at present, we recommend genotyping for GEFS+ genes of major effects (SCN1A, SCN2A, SCN1B, SCN9A, GABRg2 and STX1B are found in 31%) and GEFS+ susceptibility alleles (GABRD, CACNA1H, HCN2 719­722 de; PPP are found in 18%) because the genotype of GEFS+ may dictate its treatment. SCN8A mutation has been observed in a severely affected son with EE. The father had FS+ and was 13% mosaic for an SCN8A mutation.




The range of phenotypes within the GEFS+ spectrum has also been expanded. Afebrile generalized tonic-clonic seizures and focal seizures alone can occur in GEFS+ families although febrile seizures alone remain the most common GEFS+ seizure phenotype (44%). Febrile seizures plus is the second most common phenotype (27%). Febrile seizures or febrile seizures plus can occur with absence, myoclonic, or atonic seizures. MAE can be present in families with GEFS+.




In very specific circumstances where families want to confirm inheritance in family planning, screening for mutations in family members is an option during the early course of the illness in infancy. It helps separate the severe phenotype of Dravet syndrome from the generally favorable prognosis of GEFS+ and simple febrile seizures and other epilepsy syndromes rarely associated with SCN1A mutations (Colosimo et al., 2007; Grosso et al., 2007; Sugawara et al., 2001, 2002).







Genetic testing for epilepsies in childhood and adolescence


■ Epilepsy in children with chromosome abnormalities


Why and when should physicians karyotype and test with array comparative genomic hybridization (Array-CGH) (Kim et al., 2007; Singh et al., 2002; Battaglia & Guerrini, 2005; Battaglia et al., 1997; Bingham et al., 1998; Macleod et al., 2005; Schinzel & Niedrist, 2001)? Testing should be done when mental retardation is unexplained and/or when multiple dysmorphisms and anomalies are present.




Knowledge of the specific chromosome disorder (chromosomopathy) after genotyping when coupled with specific electroclinical syndromes improves the clinician's knowledge of the child's response to antiepileptic treatment as well as the child's prognosis and treatment outcomes (Table III). This knowledge helps plan rational treatments and allows better genetic counseling of the families. These chromosome abnormalities are not a frequent cause of epilepsies, but specific chromosomopathies have higher risks for epilepsies, some with characteristic but not pathognomonic electroclinical presentations.




Table III lists some chromosome disorders that are associated with characteristic electroclinical patterns. Most notable are infantile spasms with high amplitude 8 to 20 Hz fast rhythms (not hypsar-rythmia) associated with either a deletion in chromosome 17p13.3 or Miller Dieker syndrome (Dobyns et al., 1993; Mantel et al., 1994) or interstitial deletion of chromosome 14q with agenesis of corpus callosum (Ouertani et al., 1995; Lippe & Sparkes, 1981). The combination of atypical absence status or nonconvulsive status epilepticus with diffuse 2­3 Hz slow wave/s and spikes of possible mesial frontal origin, behavioral restlessness and aggression, mild to moderate mental retardation appearing around 6 years of age, after an apparently normal development in the first 5 years, without dysmorphic features should point the practitioner to Ring chromosome 20 syndrome (Inoue et al., 1997). In intellectually normal persons with the ring 20 syndrome, epilepsy is the usual presenting complaint. Fluorescent in situ hybridization with chromosome 20 specific probes show loss of telomeric regions in both arms of chromosome 20 which results in formation of the ring. All evidence indicates drug resistant seizures in all cases of ring chromosome 20 syndrome.




The appearance of focal motor and unilateral seizures and status epilepticus between the 6th and 12th months of age, often triggered by fever or hot baths, followed by atypical absences and myoclonias on eye closure, atypical slow spike wave complexes on EEGs and runs of sharp waves in centroparietal and occipital regions regions in profoundly retarded infants and children should suggest hemizygous deletion of distal short arm of chromosome 4p16.3 (Wolf-Hirschhorn syndrome) or deletion in chromosome 15q11-13 (Angelman syndrome). In both syndromes, deletions of chromosome regions harboring clusters of GABR subunits (alpha-2, alpha-4 and gamma1 in chromosome 4p16.3; and beta3, alpha-5 and gamma3 in chromosome 15q11-13) are thought to reduce GABA inhibition and produce the epilepsy phenotypes.




All developmentally delayed males must be screened for Fragile-X syndrome


At chromosome Xq27.3 are mutations in the FMR-1 gene due to expansion of a CGG trinucleotide repeat in exon 1 (Verkerk et al., 1991). Learning disorders, delayed speech, hypotonic, hypere-lastic joints, macroorchidism, narrow, long face, large ears with small mandibles in a hyperactive or autistic child with focal epilepsy should point the clinician to the Fragile-X syndrome.




■ Mutations in the GABA transporter SLC6A1 cause epilepsy with myoclonic-atonic seizures (Doose syndrome)


Onset between 7 months and 6 years of age, the syndrome of myoclonic-astatic (also called myoclonic-atonic), absence, atonic and tonic seizures had been classified as a childhood idiopathic generalized epilepsy, partly derived from what was called Doose syndrome. In 2015, Carvill et al. identified six GABA transporter/SLC6A1 mutations in seven individuals with myoclonic atonic seizures when target sequencing 644 individuals with epileptic encephalopathies. Johannesen et al. (2018) reviewed the phenotypes of 34 persons with pathogenic SLC6A1 variants. The most common seizure phenotypes were absence, myoclonic and atonic seizures. Sixteen of 34 cases fulfilled diagnostic criteria of myoclonic-atonic epilepsy. Cognitive development was impaired in 97%; 28/34 had mild to moderate intellectual disability, with language impairment being the most common feature. Epilepsy was diagnosed in 31/34 cases with mean onset at 3.7 years. Palmer et al. (2016) described a ten-year-old girl with myoclonic-atonic seizures and a de novo SLC6A1 mutation (c.491G>A; p.Cys164Tyr), who responded well to the ketogenic diet. These observations should rekindle the debate of whether the myoclonic atonic epilepsy should be called Doose syndrome.




Genetic testing in absence epilepsies (AE): Separate Glut1 (SLC2A1) variants and Glut2 (SLC45A1) from GABR and CaV2.1 (P/Q type) or CaV3.2 (T-type) variants to decide best treatment (Table VI)


Separating Glut1 (Glucose transporter type 1 gene or SLC2A1 for soluble carrier 2A1) and GLUT2 (Glucose transporter type 2 gene or SLC45A1 for soluble carrier 45A1) (Srour et al., 2017) mutations from GABR mutations and CaV2.1 or Cav3.2 mutations in (a) early childhood absence epilepsy (AE) that starts below 5 years of age, and (b) when absence is intractable to valproate and ethosuximide helps the clinician devise strategies for treatment. Absence epilepsy of all ages can also but rarely be an atypical presentation of the glucose transporter deficiency syndrome also called DeVivo syndrome (Wang et al., 2002). Ten percent of early childhood AE is due to Glut1 deficiency (Suls et al., 2009a,b; Chaix et al., 2003) and AE may be the only complaint starting at 2 to 3 years of age. Most heterozygous mutations in SLC2A are de novo but may be transmitted as an autosomal dominant or recessive trait. SLC45A1 mutations were observed in two consanguineous multiple families with severe intellectual disability and epilepsy (Srour et al., 2017). Aside from absence seizures, the child may have mild learning disabilities and mild motor delay. When mild gait problems are also present with rare to infrequent dystonia or paroxysmal exertion induced dyskinesia, the full spectrum of DeVivo syndrome comes to mind. In the full and typical spectrum of DeVivo syndrome, acquired microcephaly and spasticity is present with psychomotor delay starting from infancy. Affected infants appear normal at birth following uneventful pregnancy and delivery. Apneic episodes and abnormal episodic eye movements like opsoclonus may precede onset of absences.




Because of a failure to transport glucose across the blood brain barrier (BBB), CSF glucose measures usually less than 2.5 mM/liter or hypoglycorrhachia. A low CSF glucose with a decreased CSF lactate level indicates impairment of the glucose transporter gene. A lumbar puncture or the erythrocyte glucose uptake assay (Yang et al., 2011) provides the diagnostic clue to Glut1 deficiency and can reduce diagnostic delay and allow the early start of ketogenic diet. Genotyping for the confirmatory diagnosis of Glut1 deficiency is therefore crucial because antiepileptic drug treament with valproate and ethosuximide is inadequate to stop seizures while the ketogenic diet or modified Adkin's diet is effective. Ketogenic diet stops seizures in 86%, reduces movement disorders in 48% to 71%, and helps psychomotor development (Ito et al., 2008, 2011; Leen et al., 2010; Wang et al., 2002). Ketones provided by a high fat, low carbohydrate diet, serve as an alternative fuel to the brain. Novel compounds such as alpha-lipoic acid and triheptanoin are being studied as alternatives for ketogenic diet (Klepper, 2011). Failure to grow in height may be helped by growth hormone replacement in Glut1 deficiency because of severe growth hormone deficiency (Nakagama et al., 2012).




Treatment for AE due to GABRalpha-1 (Cossette et al., 2002), GABR-gamma2 (Kananura et al., 2002), GABRdelta and GABRbeta3 (Tanaka et al., 2008) can start with clonazepam or clobazam while AE due to calcium channel mutations (CaV2.1) can start treatment with ethozuximide or valproate. Zhang, Lian and Xie (2017) identified a novel nonsense mutation (C.5G>A) in the exon 1 of GABRB3 Gene, associated with EOEE in a girl who developed multiple seizure types including myoclonic seizures, spasms, and absence seizures at 3 days of life. Through a 9-month follow up, the girl remained seizure-free with 0.5mgs of clonazepam orally. Kass, (2016) reported ketogenic diet caused 18 of 82 (46%) to be free of seizures and 66 of 83 (80%) > 90% reduction of seizures in SLC2A1 deficient patients with seizures.




For clarification of diagnosis, to separate nocturnal phenomenon and sleep disorders from autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE), and clarify the genotyoe of familial focal epilepsies


In 1995, Steinlein et al. identified a missense mutation (S248F) that replaced serine with phenylalanine at codon 248 in the second transmembrane domain of neuronal nicotinic acetylcholine receptor alpha- 4subunit (CHRNA4 in chr.20q13.2) that segregated in 21 affected family members of a large Australian kindred with ADNFLE. It represented a turning point in understanding epilepsy since, for the first time, an idiopathic epilepsy was proven to have a genetic mutation. Since then, several more mutations (776ins3, S252L,+L264, S256L, T265I) in CHRNA4 (Steinlein et al., 1997) and three mutations (V287L, V287M, I312M) in CHRNB2 (De Fusco et al., 2000; Phillips et al., 2001a, 2001b; Bertrand et al., 2005; Diaz-Otero et al., 2008), in CHRNA2 and in the corticotrophin releasing hormone (CRH) and unidentified genes in four other chromosome loci (pericentromeric region of chromosome 1 (Gambardella et al., 2000), chr. 15q24 (Phillipps et al., 1998, 2000, 2001), chr 3p22­24 and chr. 8q11.2-q21.1 (Combi et al., 2004) have been found in autosomal dominant nocturnal frontal lobe epilepsy. Physiological investigations of the receptor reconstituted with the mutated CH RNA4subunit or the mutated CHNRB2 show increased affinity to acetylcholine except for S256L and significantly lower permeability to calcium. This suggested that increasing CHRN alpha-4beta2 mediated glutamate release at central neuronal excitatory synapses is responsible for inducing seizures (Kuryatov et al., 1997; Matsushima et al., 2002; Rodrigues-Pinguet et al., 2003).




Klaassen et al. (2006) engineered two mouse strains that harbored the ADNFLE CHRNA4 S252F and +L264 mutant alleles and hypothesized an intriguing but opposite concept, namely, enhanced GABAergic inhibition as the basis of cortical synchrony, interictal spiking and spontaneous seizures in ADNFLE. Their data showed that both S252F and +L264 mutations were inherited as dominant mutations that caused cortical EEG abnormalities, spikes and spontaneous seizures in heterozygous mice. Whole cell voltage clamp recordings of spontaneous excitatory and inhibitory postsynaptic currents were obtained from layer II/III pyramidal tract cells. Low dose and non-convulsant doses of picrotoxin, a use-dependent antagonist of GABR, ameliorated EEG abnormalities and suppressed spontaneous seizures. Nicotine significantly increased both frequencies and amplitude of inhibitory postsynaptic currents in CHRNA4 S252F pyramidal tract cells while having no effects on wild type mice pyramidal tract cells. The observed increase in inhibitory currents is explained as an increased nicotine evoked GABA release from CHRNA4 S252 or +L264 expressing cortical interneurons that form synapses on soma, axon initial segments or dendrites of pyramidal cells.




In rare cases of drug resistant ADNFLE, these two hypotheses, namely, glutamate release versus enhanced GABA currents, should be considered by the clinician when designing a treatment strategy.




Since the first descriptions of ADNFLE, KCNT1 has also been associated with ADNFLE and several more autosomal dominant focal epilepsies with their respective genotypes have been described namely familial temporal lobe epilepsy with auditory features or FTLE (neuronal secreted protein: LGI1-encoding protein), familial focal epilepsy with variable focio or FFEVF (mTOR­repressor DEPDC5: DEP domain-containing protein 5. DEPDC5 is now claimed to be the more common cause of inherited focal epilepsies, which include ADNFLE, FTLE and FFEVF.




■ Genetic testing in the epilepsy-aphasia spectrum disorder


The epilepsy-aphasia spectrum (EAS) is a continuum of genetic epilepsy syndromes with EEG focal sharp waves, and various speech and language disorders. At one end is the common Rolandic epilepsy (RE), frequently associated with speech and oromotor deficits, as well as reading disability, attention, and memory problems. Focal seizures commonly occur during sleep with blunt centrotemporal spikes. Atypical benign partial epilepsy is much more rare, have more severe seizures with regression of speech, motor skills and attention. The epileptic encephalopathy of continuous spike-and-waves during slow-wave sleep (ECSWS) and Landau-Kleffner syndrome (LKS) are both debilitating and more severe, and are at the less-frequent end of the spectrum. There is marked loss of receptive and expressive language in children who develop LKS.




The first reports of GRIN2A mutations in the Epilepsy-Aphasia Spectrum disorders came in 2012 from Szepetowski's group in Aix-Marseille University Inserm U901 (Lesca et al., 2012). Replication of results came from Carvill and Mefford from Seattle and Scheffer from Australia in 2013 (Carvill et al., 2013; von Stulpnagel et al., 2017), who retrospectively, studied 19 patients with epilepsy and GRIN2A alteration emphasizing results of epilepsy treatment. Patients were treated with a mean of 5.6 AED. 4/5 patients with VPA had an improved seizure frequency (n = 3 with a truncation: n = 1 missense). 3/5 patients with STM reported an improvement of seizures (n = 2 truncation, n = 1 splicing). 3/5 CLB patients showed an improvement (n = 2: truncation; n = 1 splicing). Steroids were reported to have a positive effect on seizure frequency in 3/5 patients (n = 1 each truncation, splicing or deletion).




Genetic testing in genetically complex common epilepsies


To date, replication of genetic variants that contribute to epilepsy susceptibility of genetically complex epilepsies has been hard to find (Cavalleri et al., 2007a, 2007b). The strongest case for SNP allele association with an epilepsy syndrome has been the BRD2-JME connection which could be an epigenetic phenomenon. Greenberg and collaborators have generated a murine model whose Brd2 haploinsufficiency produces characteristics that typify the clinical hallmarks of human JME. No JME-related BRD2 coding mutations have ever been found. Instead Greenberg's group investigated noncoding BRD2 regions, like a CpG (C-phosphate-G dinucleotides) island (CpG76), “hotspot” for JME-associated epigenetic variants. Methylating promoter CpG sites causes gene silencing, often resulting in reduced gene expression. They tested differences in DNA methylation at 10 BRD2 promoter CpG sites in lymphoblastoid cells from 3 different subgroups: i) JME patients versus their unaffected family members; ii) JME versus patients with other forms of GGE, and iii) Caucasian versus non-Caucasian JME patients. These investigators found that CpG76 is highly methylated in JME patients compared to unaffected family members. In families with non-JME GGE, they found no relationship between promoter methylation and epilepsy. In non-Caucasian JME families, promoter methylation was mostly not associated with epilepsy. This makes the BRD2 promoter a JME-specific, ethnicity-specific, differentially methylated region (Pathak et al., 2018).




Microdeletions in chromosome 15q13.3 genetically associate with 1% of patients with idiopathic generalized epilepsies (Dibbens et al., 2009; Helbig et al., 2009). How meaningful and practical this observation is in clinical management of idiopathic generalized epilepsies is presently unknown.




In clinical settings where the diagnosis is clear, where there is low clinical utility produced by heterogeneity, where test results offer little advantage over empiric risk assessment based on family history and where finding a mutation would not alter the course of treatment and would have little bearing on genetic and prognostic counseling, routine testing of patients with genetically complex familial idiopathic epilepsies, is not recommended. For examples, BRD2, ME2 and ELP4 have been genetically associated with JME and rolandic epilepsy but causative mutations did not segregate with affected members in multiple generations. Genotyping in these syndromes remain largely a research tool.




Genotyping separates progressive from non-progressive syndromes in late childhood and adolescent myoclonic epilepsy and help with choice of treatment


Genotyping adolescent myoclonic epilepsies will separate Lafora disease (LD or Lafora progressive myoclonus epilepsy or Lafora PME) (Serratosa, 1999; Minassian et al., 1998; Chan et al., 2003; Ganesh et al., 2002; Tagliabracci et al., 2008; Rao et al., 2010) and Unverricht-Lundborg disease (ULD or UL PME) (Alakurtti et al., 2005; deHaan et al., 2004; Joensuu et al., 2008; Lafrenierre et al., 1997; Lalioti et al., 1997a, 1997b; Pennachio et al., 1996; Berkovic et al., 2005) from juvenile myoclonic epilepsy (JME) (Suzuki et al., 2004). Genotyping is especially indicated when myoclonias are stimuli-sensitive, when there is the possibility of consanguinity based on racial, ethnic and ancestral origin, when visual seizures are present or when EEG occipital spikes or hypometabolic occipital cortices are present on 2FDG PET scan of brain or when giant evoked potentials are recorded.




In their early and beginning stages, LD, ULD and JME can be clinically similar (Delgado-Escueta & Bourgeois, 2008). The identification of disease causing nonsense mutations in EPM2A or EPM2B of LD is important because nonsense mutations and their premature stop codon can be treated with premature stop codon readthrough drugs, such as IV gentamicin (Wagner et al., 2001; Politano et al., 2003; Welch et al., 2007; Wilchanski et al., 2003; Barton-Davis et al., 1999; Brooks et al., 2006; Clancy et al., 2001). Theoretically, treatment in LD is best started when seizures are the only symptoms, before neurologic deterioration starts, and before ataxia and dementia set in, before independent daily living activities are lost, and certainly before the need for gastrostomy is realized. Approximately 25% of mutations in EPM2A (Laforin/DSP) and EPM2B (Malin/Ubiquitin E3 ligase) are nonsense mutations (Singh & Ganesh, 2009; Ianzano et al., 2005).




An early diagnosis of JME due to myoclonin/EFHC1 means early use of valproate and avoidance of sodium channel blockers, such as phenytoin, carbamazepine, oxcarbazepine and lamotrigine (Biraben et al., 2000; Carrazana & Wheeler, 2001). Mutations in SCARB2/LIMP-2 have been shown to be an important cause of PME resembling ULD (Berkovic et al., 2008; Balreira et al., 2008; Dibbens et al., 2009). Separating SCARB2 or LIMB-2 mutation/ULD from cys-tatin B/ULD is important because the prognosis is worse in SCARB2 mutations causing ULD than cystatin B mutations causing classical ULD (Dibbens et al., 2009).




Can early Lafora PME and Unverricht-Lundborg PME be clinically distinguished from JME? Yes, a clinician experienced in PME can look for subtle clinical and EEG differences. However, genotyping will solidify and clarify diagnosis and also show if deletions, frameshifts, mis-sense or nonsense mutations are present in Laforin/dual specificity phosphatase (Laforin/DSP) or Malin E3 Ubiquitin Ligase (Malin/E3UL) in Lafora PME. Genotyping is also crucial for early diagnosis in Lafora PME so treatment of nonsense mutations can begin early.







Genetic testing in sudden unexplained death in epilepsy


Sudden unexplained death refers to the sudden death of an otherwise healthy person with epilepsy usually occurring during or immediately after a tonic clonic seizure and often in sleep. It is the most frequent epilepsy related cause of death and is characterized by an absence of any identifiable cause of death at post-mortem, suggesting in many instances an inherited cardiac arrythmogenic predisposition. The risk of sudden unexplained death in epilepsy (SUDEP) is 20 times more than the risk of sudden unexplained death in the general population. Other mechanisms aside from cardiac arrhythmias suggested have been brain stem central respiratory depression, cerebral depression, and autonomic dysfunction (Aiba et al., 2016). Risk factors that are statistically significant for SUDEP include frequent convulsions, polytherapy, epilepsy onset below 16 years of age, symptomatic/lesional cause and lamotrigine therapy (Hesdorfer et al., 2011; Hirsch et al., 2011).




■ When to genotype epilepsy patients for possible causes of SUDEP?


There are three clinical circumstances in which epilepsy patients should be genotyped to identify possible causes of SUDEP and reduce/prevent risks of same. The situations are as follows.




- When the patient has epilepsy and a family history of sudden death or sudden infant death.




When there is a family history of sudden infant death (autopsy negative sudden unexplained death prior to the first birthday) or sudden death after the first year of life or when the patient himself/herself has had repeated episodes of syncope or possible venricular fibrillation, then the patient should have an EKG and/or ECK Holter monitoring. Obtaining detailed history regarding cardiac events in the patient and his/her family members combined with the patient's standard 12 lead ECG with precise measurements of QT intervals and evaluation of T wave morphology is usually enough to recognize the congenital “long QT” syndrome. If necessary, ECG holter monitoring should be done. Cost analysis/effectiveness of screening the patient only vs. screening affected family members should be performed. The patient, then, and, subsequently, the other affected family members, if necessary, should be screened for the most frequent LTQS causing mutations (Tester et al., 2005), such as KCNQ1 (encodes alpha subunit of cardiac slowly activated delayed rectifier potassium channel) (Summers et al., 2010), KCNH2 (encodes the alpha subunit of the voltage gated potassium channel HERG, a rapid component of cardiac delayed rectifier potassium channel), SCN5A (encodes alpha-subunit of voltage gated sodium channel Nav1.5), HCN2 and HCN4 (hyperpolarization-activated cyclic nucleotide gated cation channels or HCN), and KCNE1 and KCNE2 (encodes auxilarry subunits of cardiac potassium channels), Rarely, LTQS causing mutations in CACNA1c (encodes L type calcium channel 1 c subunit), CAV3 (encodes caveolae 3, lipid rafts and membrane microdomains on cyto-plasmic surface of sarcolemmal membrane where SCN5A localizes) (Vatta et al., 2006), SCN4B (encodes auxillary beta 4 subunit of sodium channel) and Kir3.4 (encodes an inwardly rectifying potassium channel), can cause Brugada syndrome, long QT syndrome, catecholamineergic polymorphic ventricular tachycardia and short QT syndrome (Khan and Nair, 2004; Kaufman, 2009; Tu et al., 2011; Shimizu & Horie, 2011; Kiehne & Kauferstein, 2007; Sakauchi et al. 2011; Medeiros-Domingo et al., 2007; Vatta et al., 2006; Crotti et al., 2008; Gazzero et al., 2011).




To treat epilepsy, sodium channel blockers, e.g., phenytoin, carbamazepine, lamotrigine and oxcarbazepine, must be avoided since they can induce type I Brugada ECG patterns (QT prolongation and elevated ST segments in right precordial leads). Vagal nerve stimulators must also be avoided since it aggravates the ECG abnormalities. These patients must avoid really strenuous exercises. Molecular screening is now part of the diagnostic process for the LQTS. Treatment can begin with betablockers, unless contraindicated. If the patient has one more syncope despite full dosage of betablockers, an implantable cardioverter-defibrillator (ICD) should be considered with the final decision being based on individual patient characteristics that show high electrical instability. ICD is eventually the primary therapy (Crotti et al., 2008). Anti-adrenergic therapy and quinidine may continue to be adjuncts. Levetiracetam, valproate and clobazam can be used to stop seizures.




- When the patient has epilepsy and has survived an aborted cardiac arrest.




This is not an unusual presentation for an epilepsy consultation, namely, a patient with epilepsy who has survived a cardiac arrest due to the long QT syndrome. The above list of more common LQTS causing mutations should be screened for Brugada syndrome, long QT syndrome, catecholaminergic polymorphic ventricular tachycardia and short QT syndrome. Similar precautions listed above, such as avoiding sodium channel blockers and vagal nerve stimulators and treatment with ICD, should be followed.




- When the patient has Dravet syndrome.




The incidence of sudden death and acute encephalopathy with status epilepticus in Dravet syndrome is 10% and peaks at 1 to 3 years of age and at 6 years of age. Because sudden death cause 50% of deaths in Dravet syndrome (Sakauchi et al., 2011), a standard ECG, and if necessary ECG holter, should be performed, paying attention to heart rate variability and possible arrhythmias (Delogu et al., 2011). In the presence of heart rate variability, or long QT syndrome, it is clinically prudent to screen for mutations in SCN5A or other more common LQTS causing mutations related to Brugada syndrome-long QT syndrome, catecholaminergic polymorphic ventricular tachycardia and short QT syndrome (Khan & Nair, 2004; Kaufman, 2009; Tu et al., 2011; Shimizu & Horie, 2011; Kiehne & Kauferstein, 2007). The potential severity of the prognosis, namely, appearance of a cardiac asystole, justifies testing patients with Dravet syndrome with long QT intervals on the ECG and Holter monitor recording. Similar precautions listed above, such as avoiding sodium channel blockers and vagal nerve stimulators and treatment with ICD should be followed.
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Introduction


There are numerous types of epileptic syndromes in the pediatric population, recognized by specific electroclinical characteristics. The age-dependent specificity of these syndromes may reflect a combination of events: i) the increased susceptibility to seizures of the developing brain as it relates to the maturation of neuronal communication and glia (Moshé et al., 1995); ii) genetic factors that may first be expressed during early development; and iii) epigenetic influences that are more likely to occur early in life (trauma, asphyxia, infections, etc.). There is an even greater diversity in etiologies (including structural, metabolic, genetic, infectious/inflammatory). Their impact and consequences may differ depending on age, gender, epigenetic or biological factors, further increasing the richness of the phenotypic variability of these syndromes. To understand the pathophysiology of these developmental syndromes, it is important to have relevant models. In this chapter, we describe models of early life epilepsies and epileptic encephalopathies, including genetic epilepsies and epilepsies due to inflammatory/immune etiologies, and developmental models of temporal lobe epilepsy (TLE), a condition that may occur at any age with variable consequences. We also discuss the models relevant to brain malformations and the kindling model which offered insights in early life epileptogenesis.




Brain development across species


There are significant differences across species that have challenged the creation of a system to accurately compare developmental stages across species (Galanopoulou & Moshe, 2011). In rodents, postnatal days 8-13 (PN8-10) rodents are equivalent to full term newborn human infants, based on crude measures of brain growth, DNA and water content (Dobbing & Sands,1979). The first postnatal week is considered as equivalent to a premature newborn, while puberty begins around PN32-36 in female and PN35-45 in male rodents; adulthood is reached around PN60 (Akman et al., 2014). However, rodent pups develop the ambulatory ability during the first two weeks of life, and can explore the environment around the 3rd week, when both ambulation and eye opening (around PN12-15) have matured (Scantlebury et al., 2010). Considering therefore the third postnatal week as “infantile stage” for rodents may not reflect the fact that the ambulatory abilities are already more developed than in humans. Each developmental process (e.g., motor milestones, cell migration, neurotransmitter expression or signaling responses, synaptogenesis, brain growth) follows its own temporal rhythm of maturation that may also differ across brain regions, cell types, and sexes (Avishai-Eliner et al., 2002; Galanopoulou & Moshe, 2011; Akman et al., 2014).




Animal models of early life epilepsies


■ Early infantile encephalopathy with suppression-burst: Ohtahara syndrome


Ohtahara syndrome or early infantile epileptic encephalopathy (EIEE) typically begins in the first month of life, tonic seizures dominate over the myoclonic with a burst suppression EEG background, has poor prognosis and is due to either structural, genetic (including STXBP1 or MUNC18-1, SLC25A22, CDKL5, ARX, SPTAN1, PCDH19, KCNQ2, SCN2A) or metabolic etiologies. Some of these infants may subsequently progress into West or Lennox-Gastaut syndromes. A zebrafish model with homozygous stxbp1b (syntaxin binding protein 1) loss of function mutations demonstrates seizures with burst-suppression patterns and shows reduced locomotor activity in response to dark flash visual stimulus (Grone et al., 2016). The Munc18-1 knockout mice (KO) (Munc18-1-/-) are not viable beyond birth due to paralysis that impairs respiration (Verhage et al., 2000). Haploinsufficiency of Munc18-1 in mice causes anxiety but no seizures (Hager et al., 2014). Mice with Arx (aristaless related X-linked homeobox) defects are being discussed in the West syndrome section. Sodium channel 2A (Scn2A) mutations in mice leading to epilepsy have been reported, yet these are observed in adult mice with unclear relevance to Ohtahara syndrome (Kearney et al., 2001). Double Scn2a/Kcnq2 mutants demonstrated severe early onset epilepsy in mice (onset ~PN12) with generalized tonic clonic seizures and early lethality, although the EEG background has not been described (Kearney et al., 2006).




■ Animal models of West syndrome (infantile spasms)


West syndrome (West, 1841) is an epileptic encephalopathy that typically manifests during the first year of life with at least two of the following three features: (a) a characteristic seizure type called infantile or epileptic spasms (IS) (flexion or extension brief tonic spasms, often in clusters) which can have ictal electrodecremental response (EDR) EEG correlates, (b) hypsarrhythmia (high amplitude, chaotic, multifocally epileptiform EEG), and (c) intellectual disabilities (Pellock et al., 2010). The treatment options include hormonal (adrenocorticotropic hormone (ACTH) and high dose glucocorticoids) and the GABA aminotransferase inhibitor vigabatrin, particularly for IS due to tuberous sclerosis complex (TSC) (Pellock et al., 2010; Mytinger et al., 2012; Hancock et al., 2013). Ketogenic diet or pyridoxine trial in case IS are pyridoxine-sensitive are also used. The prognosis is overall poor with high mortality and increased risk of persistent epilepsy and intellectual and behavioral deficits, even if IS remit. Genetic etiologies can be found in 14.4% of patients, genetic-structural in 10%, structural congenital in 10.8%, structural-acquired in 22.4%, metabolic in 4.8%, and infectious in 2%, while in a third of the patients an etiology cannot be found (Wirrell et al., 2015). An increasing number of gene variants have been linked to IS (Paciorkowski et al., 2011; EuroEPINOMICS-RES Consortium et al., 2014; Galanopoulou & Moshe, 2015). Efforts to develop animal models of IS, with the hope to identify pathogenic mechanisms and therapies (Stafstrom et al., 2006), have produced acute models of IS, manifesting spasms only during the immediate post-induction period, and chronic models which also demonstrate chronic features of West syndrome (Galanopoulou & Moshe, 2015).




■ Acute models of spasms


N-methyl-D-aspartate (NMDA) model and variants with perinatal predisposing conditions: Administration of NMDA, which activates NMDA receptors (NR), induces status epilepticus (SE) in both immature and adult rodents (Hirayasu & Wada, 1992; Stafstrom & Sasaki-Adams, 2003). The recognition of a distinct seizure, “emprosthotonus” (forward flexion spasm), occurring preferentially in PN7-19 rats, and not in adults, proposed this as an acute model of IS (Mares & Velisek 1992). NMDA spasms respond to valproic acid but paradoxically become exacerbated by hydrocortisone, while pyridoxine increases epileptic discharges (Kabova et al., 1999). NMDA spasms were initially proposed as models for ACTH-resistant spasms based on the ineffectiveness of ACTH1-24 or rat synthetic ACTH1-39 (Velisek et al., 2007), yet independent studies showed that higher doses of porcine ACTH1-39 suppressed NMDA spasms in Wistar rats or C57 mice (Wang et al., 2012; Shi et al., 2015). There is no report of subsequent development of spontaneous recurrent seizures (SRS) in this model, while NMDA-induced SE in PN12-20 rats resulted in spatial memory deficits and increased susceptibility to pentylenetetrazol (PTZ) seizures in adulthood (Stafstrom & Sasaki-Adams, 2003).




Modifications of the model introduce earlier interventions that (a) simulate elements of prenatal stress, like prenatal betamethasone injections (Velisek et al., 2007) or prenatal restrain stress (Yum et al., 2012) at gestational day 15 (G15), (b) disrupt the stress response, like postnatal adrenalectomy at PN10 (Wang et al., 2012), or (c) predispose to brain malformations, like injections of methylazoxymethanol acetate (MAM) at G15 (Kim et al., 2017). These interventions have been shown to exacerbate NMDA-induced spasms. ACTH responsiveness of NMDA-induced spasms is improved in the prenatal betamethasone (Velisek et al., 2007) but not in the prenatal MAM model (Kim et al., 2017) and is preserved in the postnatal adrenalectomy model (Wang et al., 2012). Pre-treatment with vigabatrin, ganaxolone (enhances GABAAR activity) or repetitive, high doses of methylprednisolone reduce NMDA spasms in the prenatal betamethasone model (Chachua et al., 2011). Repeated pretreatment with the mTOR (mechanistic target of rapamycin) inhibitor rapamycin had no effect on NMDA spasms, although the relevance of mTOR overactivation in this model is unclear (Chachua et al., 2012). Neonatal pretreatment with estradiol benzoate also had no effect (Chachua et al., 2016). No epilepsy has been reported.




These models implicate NR signaling in the ictogenesis of spasms. NR2D or NR2B (GRIN2B) or NR1 (GRIN1) genetic variants have been associated with IS patients (Epi4K Consortium et al., 2013; Lemke et al., 2014).




■ Down syndrome Ts65Dn model of spasms


There is relatively high incidence of IS in patients with Down syndrome (0.6­13%), suggesting shared predisposing pathways (Cortez et al., 2009; Sanmaneechai et al., 2013; Beatty et al., 2017). The Ts(1716)65Dn (Ts65Dn) mouse model of Down syndrome, overexpresses GABAB receptors (GABABR) and the GABABR-associated GIRK2 protein (inward rectifying K+ channel) that is associated with the GABABR. Injections of gamma-butyrolactone (GBL) (prodrug of gamma-hydroxybutyrate, GABABR agonist) elicit more acute extensor spasms with facial myoclonias and EDRs in Ts65Dn than in wild type mice. GBL also exacerbates the spontaneous spike wave discharges (SWDs) seen in the naïve Ts65Dn mice (Cortez et al., 2009). These GBL-induced spasms can be induced in both sexes between 1 week till 2 months old, lacking the age-specificity of the syndrome. Spasms are suppressed by vigabatrin, valproic acid and ACTH1-24, but not by porcine ACTH1-39, while ethosuximide paradoxically also suppressed spasms (Cortez et al., 2009). Pre-treatment with the GABABR inhibitor CGP35348 and genetic or pharmacologic knockdown of GIRK2 rescued from the GBL-induced spasms (Cortez et al., 2009; Joshi et al., 2016). GABABR genetic variants were described in one patient with IS and 3 patients with Lennox Gastaut syndrome (LGS) (Epi4K Consortium et al., 2013; EuroEPINOMICS-RES Consortium et al., 2014).




■ Chronic models of spasms


Tetrodotoxin (TTX) model: TTX is a sodium channel blocker which is infused chronically in the right cerebral cortex and/or hippocampus of PN10-40 rats resulting in chronic appearance of spasms and EDRs, from PN16-20 through adulthood. The EEG background in sleep resembles hypsarrhythmia (Lee et al., 2008). Even though the model lacks the expected age-specificity, it allows for more extensive EEG electrode coverage since EEGs are done in older or adult rats, permitting the determination of hypsarrhythmia. Ictal EEG recordings also showed high frequency oscillations (HFOs) from areas contralateral to the induced lesion (Frost et al., 2011). Hypsarrhythmia determination has not been possible in models that show spasms in the first 2 weeks of life due to the small size and fragility of the skull. Spasms, hypsarrhythmia and pathological HFOs in the TTX model are responsive to vigabatrin (Frost et al., 2015). Long-term cognitive outcomes have not been done in this model. It represents a model of structural etiology spasms, having a lesion and encephalomalacia at the cortical and hippocampal regions ipsilateral to the TTX infusion (Frost et al., 2015).




■ ARX models


ARX is a transcription factor involved in the migration and differentiation of interneuronal progenitors that has been implicated in several types of epileptic encephalopathies, including West and Ohtahara syndromes (Friocourt & Parnavelas, 2010). The term “interneuronopathy” was initially introduced to describe the defective tangential migration of interneurons in ARX-linked disorders (Kato & Dobyns, 2005). There are several mouse models with Arx gene defects but only two of them have reported seizures.




The Arx conditional KO (Arx cKO) at Dlx5/6 ganglionic eminence interneuronal progenitors manifests spasms with EDR in adulthood but stage 5 (Racine scale) seizures at ~PN14 (Marsh et al., 2009). The interneuronal deficit in the male PN14 Arx-/Y cKO mice consists of reduced hippocampal calbindin and parvalbumin cells, reduced cortical Neuropeptide Y (NPY) cells and increased cortical parvalbumin cells (Marsh et al., 2016). In adulthood, there are fewer cortical calretinin and calbindin interneurons and hippocampal calbindin neurons (Marsh et al., 2016).




The Arx knockin (KI) mouse model with extension of the first polyalanine repeat (Arx(CGG)10+7) manifests spasms between PN7-11, seizures with behavioral arrest, limbic or generalized tonic clonic seizures that are observed in older ages (Price et al., 2009). The Arx(CGG)10+7 model has reduced calbindin interneurons in the cortex, hippocampus and striatum and reduced cholinergic and NPY interneurons in striatum, but no deficits in parvalbumin or calretinin neurons. Low anxiety and impaired associative learning and social interactions have been reported. Neonatal administration of 17β-estradiol between PN3-10, prevented spasms and rescued from interneuronopathy suggesting a disease-modifying effect (Olivetti et al., 2014). The same treatment protocol has not however shown efficacy in the prenatal betamethasone/postnatal NMDA (Chachua et al., 2016) and the multiple-hit model (Galanopoulou et al., 2017), which could suggest that this could possibly be an etiology-specific treatment.




■ Multiple-hit rat model of spasms due to structural lesion


This model was designed to model IS due to structural lesion. The induction method includes right intracerebroventricular (i.c.v) doxorubicin (cytotoxic) and right intracortical lipopolysaccharide (causes white matter injury and inflammation) injections on PN3 followed by p-chlorophenylalanine on PN5 (Scantlebury et al., 2010). Spasms and EDRs are evident between PN4-13, the interictal EEG has abundant epileptic discharges bilaterally, and other types of seizures emerge while spontaneous motor seizures can be detected through adulthood (Akman et al., 2012). There is a structural lesion around the infusion sites (right neocortex and hippocampus, right periventricular sites) (Briggs et al., 2014; Jequier Gygax et al., 2014). Interneuronopathy has also been documented in the multiple-hit rat model (Katsarou et al., 2017).




The multiple-hit model has been extensively used to identify new therapy targets and treatments for IS utilizing a screening method that is clinically relevant, by introducing treatments after spasms' onset. Spasms in this model are ACTH-resistant but partially responsive to vigabatrin, reminiscent of the more refractory course or IS due to structural lesions (Scantlebury et al., 2010). Spasms, as expected, do not respond to phenytoin (Ono et al., 2011). Acute reduction of spasms was achieved with carisbamate (Ono et al., 2011). CPP-115, a new high affinity vigabatrin analog with lower risk for retinal toxicity in preclinical studies, showed a better efficacy/tolerability profile than vigabatrin in the multiple hit model (Briggs et al., 2014). Both carisbamate and CPP-115 have been since designated by the U.S. Food and Drug Administration (FDA) as orphan drugs with indication for IS. CPP-115 has already been tried in an infant with IS with significant clinical improvement after the transition from vigabatrin to CPP-115 treatment (Doumlele et al., 2016). Using a pulse three day treatment with rapamycin, at doses that prevent the pathologic overactivation of mTOR pathway, spasms stopped and learning improved between PN16-19, suggesting disease modification (Raffo et al., 2011). Despite the fact that this is a chemically induced model, these findings are reminiscent of the involvement of mTOR pathways in IS due to TSC, focal cortical dysplasias or brain malformations from genetic defects in pathways intersecting with mTOR (Galanopoulou et al., 2012), raising the possibility that this is a pathogenic pathway shared across various etiologies. Unlike the Ts65Dn mouse model, CGP35348 had no therapeutic effect on spasms in the multiple-hit model and unlike the Arx(CGG)10+7 KI model, neonatal estradiol had no therapeutic effect (Galanopoulou et al., 2017). These demonstrate the challenges in across model comparisons and validation, particularly in disorders with heterogeneous etiologies and pathologies. Other investigative drugs tested in the multiple-hit included the NAX 5055, a galanin receptor 2 analog, and the VX-765 caspase 1 inhibitor, which failed to show an effect (Jequier Gygax et al., 2014; Galanopoulou et al., 2017).




■ Adenomatous polyposis coli (Apc) cKO mouse model


APC is a tumor suppressor protein that is involved in the ubiquitination of β-catenin; APC inactivation promotes cell proliferation. Although gene associations of Apc with IS have not been reported, APC signaling interacts with pathways involved in neurodevelopmental disorders and epilepsies. Apc cKO in excitatory forebrain neurons manifests spasms in PN9 mice and spontaneous seizures in adulthood (Pirone et al., 2017). Comorbidities and drug effects on spasms have not yet been reported in this model.




■ Tuberous sclerosis (Tsc1+/-) model


TSC is a common genetic etiology of spasms, whereas IS have been reported in ~38% of TSC patients (Chu-Shore et al., 2010; Galanopoulou et al., 2012). Spasms had not yet been reported in any of the existing models of TSC until a report of electrographic patterns resembling EDRs (high amplitude spikes followed by fast activity) in PN12-16 Tsc1+/- mice appeared (Gataullina et al., 2016). In vivo characterization and electroclinical correlation of these patterns is still needed.




■ Chronic early life stress model


An early hypothesis proposed that exaggerated stress response predisposes certain infants to IS (Baram, 1993). Intracerebral injection (cortex or hippocampus) of corticotropin releasing hormone (CRH) demonstrated its proconvulsant effect in PN5-10 rats, yet the induced seizures responded to phenytoin but not to ACTH and were considered as limbic seizures but not spasms (Baram & Schultz 1995). More recently, chronic early life stress, by disrupting the nesting and bedding in the cages, was reported to induce spasm-like behaviors associated with spikes and low voltage EEG (Dube et al., 2015).




■ Other genetic early life epilepsies


For more extensive review of these animal models we refer the reader to references (Galanopoulou & Moshe, 2015; Katsarou et al., 2017; Pitkanen et al., 2017).




KCNQ2 and KCNQ3 early onset epilepsies: Kcnq2 or Kcnq3 potassium channel mutations have been associated with self-limited neonatal convulsions but also with more severe encephalopathies (Serino et al., 2013). In mice, Kcnq2A306T/+ or Kcnq3G311V/+ mutations result in early onset epilepsy and early mortality (Singh et al., 2008). Mice which survive through adulthood manifest generalized tonic-clonic seizures without associated hippocampal sclerosis. Genetic substrate influences the severity of the phenotype. The age-specific expression of self-limited seizures has been proposed to be due to either the early presence of depolarizing GABAAR signaling (Uchida et al., 2017) or to age-specific expression patterns of KCNQ2 and KCNQ3 (Kanaumi et al., 2008).




SCN8A related epilepsies


Mutations in SCN8A may also cause epilepsy and and developmental regression. Mice with the Scn8AN1768D mutation have ataxia, generalized tonic-clonic seizures and early mortality (Wagnon et al., 2015). The age-specificity of symptoms was attributed to compensatory expression of other SCNs.




Dravet syndrome


Dravet syndrome or severe myoclonic epilepsy of infancy (SMEI) has been linked to genetic defects in SCNs (SCN1A in 70­80% of patients; SCN1B) and rarely to GABAAR mutations (GABRG2) (Galanopoulou & Moshe 2015). In the Scn1a KO mouse model, the homozygous Scn1a-/- mice display ataxia and seizures beginning on PN9 and die on PN15. Heterozygous Scn1a+/- mice exhibit spontaneous seizures at around PN21-27 and sporadic death after PN21. Seizures begin with stereotypic behaviors such as myoclonic jerks and hindlimb flexions, progress to forelimb clonus and head bobbing and finish with relaxed muscle tone. The seizure duration is typically 20 sec (Yu et al., 2006). Other Scn1a rodent models of Dravet syndrome include the Scn1a cKO mouse with deletion of exon 25 in GABAergic interneurons (Cheah et al., 2012), the R1407X Scn1a KI mouse (Ogiwara et al., 2007; Auerbach et al., 2013), the Scn1a cKO mice with exon 7 deletions either in inhibitory interneurons or in excitatory forebrain neurons (Ogiwara et al., 2013), and a rat Scn1aN1417H model (for reviews see references (Galanopoulou & Moshe 2015; Katsarou et al., 2017)). These models have suggested the importance of GABAergic interneurons for the development of the epilepsy phenotype (Ogiwara et al., 2013). Furthermore, they offered the opportunity to test various treatments for their efficacy, including clonazepam, tiagabine, stiripentol, methylphenidate, ketogenic diet (Dutton et al., 2011; Cao et al., 2012; Han et al., 2012; Oakley et al., 2013; Ohmori et al., 2014). Genetic ablation of tau protein also improved mortality and epilepsy in the R1407X KI mouse (Gheyara et al., 2014). High throughput drug screening in a zebrafish model (scn1aLab) identified clemizole as promising treatment for Dravet syndrome seizures (Baraban et al., 2013). In addition, Scn1b KO (Chen et al., 2004) and Scn1b KIC121W (Reid et al., 2014) mouse models of Dravet syndrome have also been developed.




Genetic epilepsies with febrile seizures plus (GEFS+)


SCN1A and SCN1B have also been implicated in GEFS+ which shows a genetic susceptibility to a variety of focal or generalized, febrile and afebrile seizures (Wallace et al., 1998; 2001). R1648H KI mouse models for GEFS+ may exhibit either more severe kainate-induced seizures or SRS (Tang et al., 2009; Martin et al., 2010).




Progressive myoclonus epilepsy (PME) type 1 (EPM1)


The PMEs are diseases characterized by tonic-clonic seizures, myoclonus and progressive neurological dysfunction, including dementia and ataxia (Berkovic et al., 1986). Unverricht-Lundborg disease (EPM1) is an autosomal recessive inherited disorder due to a mutation in a gene that encodes for cystatin B (CSTB), a cysteine protease inhibitor. Symptoms start around 6­15 years and include myoclonic and tonic-clonic seizures. A CstB KO mouse model of EPM1 has been developed. Cstb-deficient mice are developmentally normal and fertile, but exhibit widespread granule cell loss in the cerebellum, myoclonic seizures during sleep and mild signs of ataxia at six months that worsen with age. However, mutant mice do not develop tonic-clonic seizures, photosensitivity or SWDs which have been reported in patients. Whether these differences indicate additional contributing factors in humans, or reflect the differences between human and mouse biology, brain development or a background strain effect, remains to be investigated (Pennacchio et al., 1998).




Early life epilepsies due to immune/inflammatory etiologies


Rasmussen's encephalitis (RE): RE is characterized by refractory epilepsy that usually begins in the first decade of life leading to progressive degeneration of one cerebral hemisphere. The progressive worsening of the unilateral seizures is accompanied by evolving atrophy of the affected hemisphere and neurological symptoms. The etiology and pathogenesis are incompletely understood. A humoral autoimmune mechanism appears to contribute to the pathogenesis. Indeed, the immunization of rabbits with the glutamate receptor subunit GLUR3 results in epileptic seizures, with neurological deficits and histopathology of the cortex (Rogers et al., 1994). Accordingly, a subset of patients with RE has circulating anti-GLUR3 IgG. Importantly, in some patients, seizure severity and frequency are reduced after plasmapheresis of IgG-selective immunoadsorption, in parallel with reduction of GLUR3 antibody titers (Rogers et al., 1994; Andrews & McNamara 1996; Antozzi et al.,1998).




In this model, repeated subcutaneous injections of a GLUR3 protein linked to glutathione-S-transferase (GST) were given to white New Zealand male rabbits (He et al., 1998). Two weeks after the second immunization, 2/5 animals developed motor incoordination while ambulating and epileptic seizures (repetitive tonic or clonic movements of the four paws). Subsequently animals developed persistent obtundation and failure to thrive. Immunization of rabbits with other GLURs and nicotinic acetylcholine receptor (nAChR) subunits did not induce this disorder. Multifocal inflammatory abnormalities are observed consisting of microglial nodules and perivascular lymphocytic cuffing, mainly in cerebral cortex and meninges. In contrast with the humans, the pathology occurs bilaterally (He et al., 1998). Anti-GLUR3 IgG stained cortical neurons were present in two ill rabbits but not in healthy GLUR3 immunized rabbits. Limitations of this model are the cost for purchasing and maintaining of rabbits and the lack of reagents for this species.




Autoimmune encephalitides


Few studies have stereotactically injected patient intracerebroventricular auto-antibodies in adult rodents, but might shed insight in pediatric cases of autoimmune encephalitides. Anti-NR1 patients' auto-antibodies in the CA1 region cortical regions of adult rats increased extracellular glutamate (Manto et al., 2010). Anti-NR1 auto-antibodies injections in 2 month old female rats impaired long term potentiation, action potential firing, excitatory post-synaptic potentials from hippocampal dentate granule neurons and also learning (Wurdemann et al., 2016). No spontaneous seizures were observed and no change in susceptibility to chemically (gabazine, 8mM K+, low Mg++) induced epileptiform activity. However, a different study reported increased number of seizures and epileptic activity in adult mice injected with anti-NR autoantibodies, following PTZ challenge (Wright et al., 2015). In utero (IU) exposure of mice to CASPR2 auto-antibodies predisposed them to sociability deficits in adulthood, disrupted the localization of glutamatergic neurons and formation of glutamatergic synapses, and increased microglia in the prefrontal and somatosensory cortices (Coutinho et al., 2017).




Animal modes of absence epilepsy


■ Chronic models of atypical absence epilepsy (presumed to reflect a component of LGS)


The repeated administration over the first three postnatal weeks in rats of AY-9944 that inhibits the reduction of 7-dehydrocholesterol to cholesterol (Cenedella, 1980) leads to absence-like seizures starting at PN21. They are associated with abnormal cognitive outcome and persist into adulthood. Onset and offset of seizures are gradual and the animals maintain their ability to move purposefully as children with atypical absences. Valproate and ethosuximide reduce while phenytoin and GABA agonists exacerbate seizure frequency (Cortez et al., 2001).




In a second model, MAM is administered on G15 leading to neuronal migration disorders. Then pups receive the AY-9944 treatment over the first three weeks, and develop spontaneous, recurrent, atypical absence seizures characterized by bilaterally synchronous slow 4­6 Hz SWDs. Seizures are refractory to ethosuximide and valproate, mimicking refractory atypical absence seizures that might occur in children with brain dysgenesis (Serbanescu et al., 2004).




The overexpression of the GABABR1a subtype in forebrain results in spontaneous atypical absence seizures. The GABABR1atg mutant mouse shows all features of atypical absence seizures, including impaired hippocampal plasticity and impaired learning abilities, and hippocampal involvement in slow SWDs characteristic of this epilepsy (Wu et al., 2007). The GABABR1b transgenic mouse is a less severe model of this epilepsy (Stewart et al., 2009).




■ Genetic models of absence epilepsy in rats (presumed to be models of CAE)


Two models of spontaneous occurrence of SWDs evocative of absence seizures have been described in untreated rats. Genetic absence epilepsy rats from Strasbourg (GAERS) were selected from Wistar colonies displaying spontaneous SWDs on routine cortical EEG. Breeding selected pairs for three or four generations produced a strain with 100% of rats displaying SWDs (Vergnes et al., 1982). Concurrently, the fully inbred Wistar albino Glaxo strain of rats expressing cortical SWDs was discovered in Nijmegen and kept in Rijswijk (WAG/Rij) (van Luijtelaar & Coenen 1986).




In both strains, SWDs (7­11 Hz, 300­1,000 μV, 0.5­7.5 sec) start and end abruptly on normal, low amplitude desynchronized EEG background and are accompanied by behavioral arrest, staring and sometimes twitching of the vibrissae. Apart from epileptic episodes, these rats show normal behavior including feeding, exploration, social interaction, and learning. SWDs are expressed bilaterally in a thalamo-cortical pathway. In GAERS SWDs can last from 15 to 60 sec and occur about every minute (Danober et al., 1998) In WAG/Rij, SWDs last only about 5 sec mainly during the dark period of the cycle. In both models, the seizures share many common features with human CAE. They are suppressed by antiepileptic medication effective in humans (ethosuximide, trimethadione, valproate, benzodiazepines, lamotrigine) and worsened by carbamazepine, phenytoin and all GABAergic drugs that aggravate human symptoms (Danober et al., 1998; Jarre et al., 2017b). They represent excellent predictive models for the response of the disease to new drugs in humans.




The main difference between the two models and human features is the ontogenetic development. In GAERS, the first SWDs are detected around PN30, about 30% of the rats are affected at PN40 and 100% by 3 months (Vergnes et al., 1986). In WAG/Rij, the first SWDs occur by PN60-80 and only 50% of the rats display SWDs at 3 months, all rats being epileptic by 6 months (Coenen & Van Luijtelaar, 1987). Epileptogenesis progresses from oscillatory discharges, to oscillations and spike-waves and subsequently mature to well organized SWDs (Jarre et al., 2017a; Jarre et al., 2017b).




SWDs in GAERS and WAG/Rij are genetically determined by autosomal dominant inheritance (Marescaux et al., 1992; Peeters et al., 1992) of polygenic origin (Gauguier et al., 2004; Rudolf et al., 2004). No overt morphological modification was observed in the models. Glial fibrillary acidic protein (GFAP) expression was increased in cortex and thalamus of PD20 and adult GAERS, suggesting the presence of reactive astrocytes expressing interleukin-1β (IL-1β) and hence inflammation (Vezzani et al., 2012) before the onset of absences (Dutuit et al., 2000).




There are limited discrepancies between rat models and human absence epilepsy. The frequency of SWDs in humans is 3 Hz, compared to 7­11 Hz in rats. This could be species-dependent. Likewise, SWDs in GAERS and WAG/Rij occur when brain maturation is finished and last throughout the animals' life, while in humans they start during childhood and usually disappear at adolescence.




In mice and rats, spontaneous mutants display SWDs and absence epilepsy features. The mutation of over 20 genes is linked to this seizure phenotype. The mutations affect mainly calcium channels, glutamate- and GABA-receptor related channels. In addition, there are some monogenic models (Noebels, 2017). Some of the mutants are the tottering (tg) mouse with a mutation on a P/Q type calcium channel alpha subunit, the lethargic (lh) mouse with a mutation on the calcium channel beta 4 subunit, the ducky (du) mouse with a mutation on an alpha2-delta2 calcium channel subunit, the stargazer (stg) mouse with a mutation on the gamma2 calcium channel subunit, the SWE (swe) mouse with a mutation on the sodium hydrogen exchanger, the Mocha2j (mh) mouse with a mutation on the delta subunit AP3 adaptor protein and the Coloboma (Cm) mouse with a microdeletion including SNA25 and phospholipase C isoform β1. In most models, multiple abnormalities in network synchronization and excitability were found (Noebels, 2017).




Several transgenic mice with SWDs have been engineered, one with the deletion of the pacemaker channel HCN2 (Ludwig et al., 2003) and one with the deletion a1G T-type calcium channel (Song et al., 2004). A KI mouse for the GABAA receptor γ2 subunit point mutation (R43Q) was built based on a mutation found in an affected Australian family. Homozygous mice die before PN18. Heterozygous mice exhibit behavioral arrest associated with 6­7 Hz SWDs appearing with abrupt onset at PD20, corresponding to human childhood. These EEG abnormalities are suppressed by ethosuximide (Tan et al., 2007).




In humans, the complex pattern of inheritance suggests the involvement of a large number of susceptibility genes (Hempelmann et al., 2006). A polymorphism in the promoter of the GABAA and GABAB receptor subunit genes GABRB3, GABRG3 and GABRA5 (Robinson et al., 2002; Urak et al., 2006) and variants in the T-type calcium channel gene CACNA1H have been associated with CAE. Genes coding for voltage-gated calcium channels, including CACNG3 (Robinson et al., 2002; Everett et al., 2007b) and the chloride channel gene CLCN2 (Everett et al., 2007a) may also be susceptibility loci. A homozygous, missense, single nucleotide mutation in Cacna1h was found in GAERS. This mutation segregates with seizure number and time in seizure activity. There are two major thalamic Cacna1h splice variants leading to a gain-of-function mutation, the one reported in GAERS depending on exonic splicing for functional expression (Powell et al., 2009).







Animal models of epilepsy following early life SE


TLE is a common cause of complex partial seizures that most often originate in mesial temporal structures where lesions are often observed. Retrospective studies have shown that a large proportion of patients with TLE underwent an “initial precipitating injury” (IPI) occurring often before 4 years. The IPI is most frequently prolonged complex febrile seizures, SE, trauma, encephalopathy (Mathern et al., 1997). This early event is followed by a latent phase free of any overt clinical or EEG signs. Spontaneous seizures usually start occurring around 10­15 years and become frequently medically intractable after a few years, requiring surgery of the epileptic focus (Engel, 1995).




However, the causal relationship between the IPI and subsequent TLE has not yet been established. Prospective clinical studies reported that seizures occurring early in life rarely result in hippocampal sclerosis (Shinnar, 1998; Berg et al., 1999). According to VanLandigham et al. (VanLandingham et al., 1998) and reviewed by Cendes (Cendes, 2004), only human infants having a preexisting hippocampal lesion or a genetic predisposition and experiencing an acute injury will develop hippocampal sclerosis and TLE. In rats also, prior exposure to a freeze lesion increases to 86% the percentage of immature rats that will develop epilepsy if subjected to febrile seizures (Scantlebury et al., 2005). On the same line, in rats exposed to MAM-induced neuronal migration disorders, the dysplasias render the immature brain more sensitive to a further episode of seizures induced by hyperthermia at PN14 (Germano et al., 1996), bicuculline or kainate at PN15 (de Feo et al., 1995).




In animal models of TLE, the IPI is most often an episode of SE chemically induced by pilocarpine, lithium-pilocarpine or kainate, or electrically by stimulation of a limbic region like amygdala. About 100% of adult rats undergoing SE develop spontaneous recurrent seizures (SRS) after a mean latency of about two weeks (Turski et al., 1989; Sperk, 1994; Curia et al., 2008). SRS are usually motor stage 3­5 seizures involving myoclonic movements of the head, fore- and hindpaws, rearing and falling. On the EEG, seizures start with very rapid low amplitude activities followed by larger amplitude rapid spikes concurrent with myoclonic movements. After 30­60 sec the amplitude decreases and the postictal trace is characterized by synchronous discharges on a low amplitude background.




In younger rats, the severity, clinical expression and outcome of SE is different. In the kainate model, SE induction in PN15-18 male rats caused severe seizures, no detectable brain injury, no deoxyglucose (DG) uptake in the substantia nigra pars reticulata (SNR), no synaptic re-organization (mossy fiber sprouting) in the supragranular layer of the dentate gyrus, and did not increase the susceptibility to amygdala kindled seizures in adulthood (Albala et al., 1984; Okada et al., 1984; Sperber et al., 1991). In contrast, kainate-induced SE in in PN33-37 and adult male rats caused less severe seizures, necrotic lesions, mossy fiber sprouting in the dentate gyrus, and increased DG uptake in the SNR. In PN4-6 rats exposed to repetitive kainate-induced SE, no FluoroJadeB stained cells were noted in the brain, no SRS were seen in adulthood, but sex-specific differences were reported in learning and GABAAR signaling after the SE (Galanopoulou, 2008; Akman et al., 2015).




In the lithium-pilocarpine model, SE at PN10 does not lead to cell loss, SRS or change in seizure susceptibility in adulthood (Nehlig et al., 2002). Only the repetition of pilocarpine SE on three consecutive days, PN7-9, leads to electrographic seizures accompanied by behavioral arrest followed sometimes by masticatory and orofacial automatisms. In 10% of animals, spontaneous clonic seizures are recorded in rats over PN60. These animals suffer from severe cognitive deficits and present persistent hyperexcitability in CA1 despite any major long-term neuronal loss (dos Santos et al., 2000).




The occurrence of SRS is observed in ~30% of rats that experience SE at PN12-14 and in 50­70% of rats with SE at PN21-25 (Sankar et al., 1998; Kubova et al., 2004; Auvin et al., 2010). At 3 months after SE, only non-convulsive seizures (freezing and/or automatisms like chewing, licking, vibrissae twitching) are recorded in rats with SE at PN12-14 (Kubova et al., 2004; Suchomelova et al., 2006; Auvin et al., 2010; Kubova & Mares, 2013). A clonic motor component in SRS appears in 75­100% of the rats subjected to SE at 3­4 postnatal weeks (Priel et al., 1996; Sankar et al., 1998; Dube et al., 2000; 2001; Kubova & Mares, 2013).




The induction of SE at PN14 leads to cell loss in CA1 while in PN18-24 rats, moderate neuronal loss is observed in the CA3, dentate gyrus hilus, entorhinal and piriform cortices and lateral thalamus, and mossy fiber sprouting (Priel et al., 1996; Sankar et al.,1998; Cilio et al., 2003). In the lithium-pilocarpine model applied in PN12 and PN25 rats, both the severity and incidence of SRS tend to progress with time, together with worsening of the loss of hilar neurons (Kubova & Mares 2013).




SE at PN12 leads to decreased performance on the rotarod, hypoactivity in the open field (Kubova et al., 2000) and deficits in visual-spatial memory and water maze in adulthood (Cilio et al., 2003). The cognitive/behavioral impairment is observed as early as 2 days after SE translating into ultrasonic vocalization at PN14 and memory impairment in rats that performed worse than controls when tested in the water maze at between PN20 and PN50 (Rutten et al., 2002; Lopez-Meraz et al., 2010). This cognitive involvement can be partially restored by enriched environment but this improvement is unrelated to EEG and histology that were not affected (Rutten et al., 2002).




The use of MRI showed that, in adult rats subjected to lithium-pilocarpine SE, piriform and entorhinal cortices undergo rapid activation which appears only secondarily in the hippocampus (Roch et al., 2002a). In PN21 rats, in which only a subset of animals subjected to SE becomes epileptic, the occurrence of a visible or measurable signal in piriform and entorhinal cortices at 24­48 h after SE is predictive of the later development of SRS and represents a surrogate marker to discriminate as soon as 24 h after SE whether rats will become epileptic or not (Roch et al., 2002b).







Animal models of epilepsy following early life hypoxia/ischemia


Approximately 60% of neonatal seizures are associated with a hypoxic-ischemic event (Tekgul et al., 2006; Ronen et al., 2007). Survivors of neonatal hypoxic-ischemic encephalopathy often develop brain injury and neurologic disabilities such as cognitive deficits and epilepsy in later life (Bergamasco et al., 1984; Robertson & Finer, 1988). Neonatal seizures occurring during hypoxic encephalopathy are usually prolonged and refractory to conventional antiepileptic drug therapy.




A model of perinatal seizures induced by hypoxia has been developed in rats (Jensen et al., 1991). The model consists of a 15 min exposure to graded global hypoxia (7­4% O2 in N2) in an airtight chamber. A strict control of the body temperature is maintained with a heating pad. Seizures appear after 3­7 min and only during a specific age window (PN10-12). The model is easy to develop and mortality is extremely low (Jensen et al., 1991). Acute seizures occur in more than 95% pups within 2­6 min after hypoxia onset, and are characterized by head bobbing, wet-dog shakes, and tonic-clonic movements. On the EEG, trains of rapid spike discharges associated with tonic-clonic body movements appear. The tonic-clonic seizures become progressively longer and can occur up to 4 days after the hypoxic episode. The EEG is isoelectric in adulthood (PN50). There is no overt cell loss or gliosis but hypoxia-induced seizures in pups lead to significant increases in CA3 mossy fiber sprouting later in life (Rakhade et al., 2011; Lippman-Bell et al., 2013).




These seizures are blocked by systemic administration of the AMPA receptor antagonist, NBQX (2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide) and other agents that inhibit the AMPA receptor such as topiramate, talampanel and levetiracetam (Koh & Jensen 2001; Aujla et al., 2009; Talos et al., 2012). They do not respond to NR antagonists, GABAAR agonists or phenytoin (Jensen et al., 1995). This model of hypoxia-induced seizures (Sun et al., 2016) leads to mTOR pathway upregulation, long-term epilepsy and autistic-like social behavior deficits. These effects are blocked by early treatment with the mTOR inhibitor rapamycin (Talos et al., 2013). Transient mTOR pathway activation is also suppressed by brief NBQX administration during the 48 h post-seizure in PN10 rats. NBQX or topiramate treatment reduces also spontaneous recurrent seizures, social preference deficits, and mossy fiber sprouting (Koh & Jensen, 2001; Lippman-Bell et al., 2013). Rats that experience hypoxia induced seizures at PN10 show a long term increase in susceptibility to seizures induced by PTZ, flurothyl or kainate (Jensen et al., 1992).




Mouse hypoxia models have also been developed. On one hand, acute seizures were evoked during intermittent global hypoxia in PN9 C57BL/6 mice (Rakhade et al., 2012). Oxygen concentration is lowered sequentially to 9%, 6%, 5.5% and 5% for 5 min periods with 5 min intervals lasting 40 min before termination of hypoxia. Acute seizures are observed in more than 85% mice during hypoxia. These seizures are characterized by pawing, myoclonic jerks, head shaking, and loss of posture. In this model, acute changes in hippocampal neuronal excitability and glutamate receptor alterations are recorded in the mice (Rakhade et al., 2012). On the other hand, hypoxic seizures in immature mice can be induced during the phase of re-oxygenation. Typical electrographic seizures are reliably evoked within 2 min of reoxygenation after exposing PN7­8 mice to global hypoxia (3­4% O2) for 4 min (Zanelli et al., 2014). On the EEG, rhythmic spike activity starting as low amplitude polyspikes is recorded. Both approaches recapitulate a panel of clinical features of human neonatal seizures but it is not yet known whether these mice will develop spontaneous seizures later in life.







Animal models of epilepsy associated with fever/hyperthermia


Febrile seizures (FS) are commonly affecting about 3­5% of infants and young children (Smith et al., 1996). The mechanisms responsible for the occurrence of FS are still not fully understood.




FS models have been mainly developed in rats and mice. In rats, the highest susceptibility to hyperthermia-induced seizures is found in PN10-13 pups. The best characterized FS model in rats was developed by Baram et al. (Baram et al., 1997). Core and brain temperature is slowly increased in PN10-11 rats by a stream of heated hair and seizures occur at a threshold temperature of 40.9o C. The brain temperature increases by 2o C/min until seizure onset. The latency to seizure onset is usually 2­4 min and hyperthermia is maintained for 30 min (Dube et al., 2000). Afterwards, pups are hydrated orally and transferred to a cool surface until their core temperature reaches 32­34o C. Mouse FS models have also been used to facilitate studies on genetically mutant strains (Dube et al., 2005; van Gassen et al., 2008).




Acute FS seizures start with sudden freezing followed by oral automatisms (chewing, biting) and often forelimb clonic movements followed by tonic body flexion (Dube et al., 2004). The EEG activity shows trains of spikes and SWDs of progressively increasing amplitude in hippocampus and amygdala that coincide with immobility and oral automatisms. There is a progression to the cortex where the EEG is unchanged or just flattening (Dube et al., 2006). SRS develop in adulthood in about 35% of rats and interictal spiking occur in about 88% of the rats (Dube & Baram, 2006). An i.c.v. injection of IL-1β lowers the threshold for hyperthermic seizures in mouse pups. A high-dose i.c.v. injection of IL-1β is even capable of inducing seizures without a thermal trigger (Dube et al., 2005). Likewise, in rats, intranasal administration of IL-1β results in lower temperature seizure threshold (Fukuda et al., 2009).




Hyperthermia-induced seizures do not lead to any acute or delayed neuronal death in hippocampus (Bender et al., 2003), although transient neuronal injury is detectable over two weeks in hippocampus, amygdala and perirhinal cortex (Toth et al., 1998). Prolonged hyperthermic seizures and hyperthermia-induced SE (HSE) lead to strong astrocytic and mild microglial activation 6 h after seizure onset. At 24 h, IL-1β is produced in hippocampus (Dube et al., 2010). The T2 MRI hypersignal seen in hippocampus and amygdala after HSE is predictive of epilepsy correlating with increased proinflammatory cytokines expression (Patterson et al., 2015).




Schuchmann et al. (2006) chose to induce hyperthermia by placing the pups in a chamber heated at about 48o C. The rise in body temperature is slower than in the Baram's group model. Hyperthermia-induced seizures start at about 30 min from hyperthermia exposure onset (Schuchmann et al., 2006). This work highlighted that heat-induced respiratory alkalosis is a key factor for hyperthermic seizure occurrence in both the heated chamber and the hot air convection system (Schuchmann et al., 2008). Hyperthermia-induced seizures are rapidly suppressed by a low (5%) level of ambient CO2 (Schuchmann et al., 2006).




Hyperthermic seizures have also been induced in larval zebrafish (Hunt et al., 2012) and one tentative was made in vitro (Tancredi et al., 1992).







Animal models of epilepsy associated with brain malformations


Malformations of cortical development (MCD) represent a wide spectrum of pathological abnormalities of the brain whose classification scheme is based on the stage at which cortical development is first disrupted (Barkovich et al., 2012). However, there is considerable overlap between different types of MCD, and some may result from defects in multiple stages of cortical development (Wong & Roper, 2016). Epilepsy associated with MCD is typically severe, often with onset of seizures in early childhood or infancy, and frequently intractable or resistant to available anti-seizure medications (Aronica et al., 2012; Guerrini & Dobyns, 2014). Several models of MCD have been generated to help researchers in clarifying basic mechanisms underlying these conditions. In some cases, these models offered many advantages for investigating cellular and molecular features of human cortical malformations associated with epilepsy (Wong & Roper, 2016).







Examples of genetic models


ARX models. Mutations in this gene cause malformative as well as non-malformative phenotypes (Kato et al., 2004; Shoubridge et al., 2010). Mice lacking this gene exhibit small brains and aberrant migration and differentiation of GABAergic interneurons, recapitulating some of the clinical features of X-linked lissencephaly with abnormal genitalia (XLAG), and die within the first postnatal day (Kitamura et al., 2002). See also the section on chronic models of infantile spasms.




Doublecortin (DCX) models. DCX mediates neuronal migration by regulating the organization and stability of microtubules (Gleeson et al., 1999). Knockdown (KD) of Dcx in rat embryos brains through IU-RNA interference (IU-RNAi) causes subcortical band heterotopia (SBH), increased propensity to convulsant-induced seizures at juvenile ages, and spontaneous focal, absence-like seizures in adulthood, recapitulating the phenotype observed in patients with DCX mutations (Ackman et al., 2009; Lapray et al., 2010).




Filamin A (FlnA) models. FLNA is a widely expressed actin-binding protein involved in regulating the reorganization of the actin cytoskeleton. FlnA KO mice, which die during mid-gestation, do not exhibit periventricular nodular heterotopia (PNH) or misplaced neurons (Feng et al., 2006; Hart et al., 2006). Conversely, IU-RNAi-based Flna KD in rat embryos brains impairs cell-cycle progression and neuronal migration by disrupting the organization of radial glia, leading to a PNH phenotype that partially recapitulates that observed in patients carrying FLNA mutations (Fox et al., 1998; Sheen et al., 2001; Parrini et al., 2006; Carabalona et al., 2012). Juvenile FlnA KD rats also exhibit a higher susceptibility to PTZ-induced seizures, although a correlation between seizure occurrence and the extent of PNH has not been demonstrated (Carabalona et al., 2012). These observations are in line with clinical observations that no correlation is feasible between the extent of PNH and epilepsy severity (Parrini et al., 2006).




Tsc1 models. By interacting with TSC2, TSC1 inhibits the activity of mTOR pathway (Caban et al., 2017). Conditional KO of Tsc1 in selected neuronal populations and at precise developmental time-points results in white matter heterotopic nodules and discrete tuber-like lesions resembling those observed in patients with TSC (Feliciano et al., 2011). Although these cKO mice do not develop SRS, they exhibit 25% reduction in seizure latency compared to control littermates after PTZ treatment (Feliciano et al., 2011).




Phosphatase and tensin homolog (PTEN) models. PTEN antagonizes the mTOR pathway through its lipid phosphatase activity (Pezzolesi et al., 2007). Homozygous deletion of PTEN results in early embryonic lethality in rodents (Stambolic et al., 1998; Suzuki et al., 1998). Mice with targeted inactivation of Pten in neurons of the cerebral cortex and hippocampus show macrocephaly and abnormal social interaction, resembling in part the phenotype observed in patients with autism spectrum disorders (Kwon et al., 2006). These mice also exhibit neuronal hypertrophy, hypertrophic dendrites and axon tracts with increased synapses. Spontaneous seizures with repetitive spike and wave patterns, sometimes accompanied by rhythmic slow activity and continuous spike and wave bursting have been observed in about 10% of Pten cKO mice (Kwon et al., 2006). Selective deletion of Pten in adult granule cells in mice results in spontaneous seizures beginning 4­6 weeks after gene deletion (Pun et al., 2012). Granule cells from these mice developed abnormally, exhibiting morphological features indicative of increased excitatory input (LaSarge et al., 2015).




MTOR models. MTOR controls many basic cellular functions including protein synthesis, energy metabolism, cell size, and autophagy. In the brain, it is involved in neuronal development, synaptic plasticity, and cognition (Bockaert & Marin 2015). By using IU electroporation, Lim and collaborators demonstrated that mice expressing the p.Leu247Pro mTOR mutation, which in humans is associated with focal cortical dysplasia type II and intractable epilepsy, exhibited neuronal migration disruption and cytomegalic neurons (Lim et al., 2015). In addition, more than 90% of these mice exhibited SRS with epileptic discharges comprising high-voltage spikes and low voltage fast activities (Lim et al., 2015). Notably, epileptic and histopathological phenotypes observed in p.Leu247Pro mice were almost completely rescued by rapamycin treatment (Lim et al., 2015).




■ Examples of physical and chemical models


Ibotenate models. Ibotenate is an agonist of the NR. Intracerebral injection of ibotenate in mice, rats and hamsters produces excitotoxic brain lesions mimicking human neuronal migration disorders including polymicrogyria, PNH and SBH (Takano et al., 2004). Although epileptic seizures have not so far been described in these models (Luhmann, 2016), electrophysiological recordings of evoked field potentials in slice preparations from adult rats treated with ibotenate at day of birth revealed hyperexcitability in widespread cortical regions surrounding the dysplasia (Redecker et al., 1998).




MAM models. MAM is a potent cytotoxic agent that induces a time-specific aberrant DNA methylation and alkylation, leading to abnormal patterns of cell formation and migration. (Luhmann, 2016). In the brain of ferrets treated with MAM, the migration speed and exploratory behavior of migrating neurons is significantly reduced (Abbah & Juliano, 2014). MAM administration causes alterations in hippocampal and neocortical regions, as well as neuronal heterotopia along the walls of lateral ventricles which resembles human PNH (Luhmann, 2016). Subcortical heterotopic nodules exhibit abnormal intrinsic firing properties with sustained repetitive bursts of action potentials (Colacitti et al., 1999).




Freeze lesion models. The freeze lesion model can be easily established by applying stainless or copper probes cooled in liquid nitrogen on the exposed calvarium above the cortical region of interest for 8-10 sec (Luhmann, 2016). The severity and type of cortical malformation generated is directly related to the number and duration of freeze lesions, indicating that a single pathophysiological event of variable severity at a specific developmental stage can induce different brain malformations (Rosen & Galaburda, 2000). The most consistent result of focal cortical freeze in newborn rodents is the formation of a four layered microgyrus (Luhmann, 2016). Electrophysiological studies demonstrated that freeze-lesioned rats exhibit a pronounced hyperexcitability in the subcortical region surrounding the microgyrus, indicating that the neocortical region adjacent to the microgyrus, and not the microgyrus itself, is the generator of the epileptiform activity (Luhmann, 2016). Andresen and collaborators demonstrated that one-week treatment with gabapentin immediately after freeze lesioning prevented the development of hyperexcitabilty in vitro and in vivo and may have therapeutic potential to minimize epileptogenic processes associated with developmental cortical malformations (Andresen et al., 2014).







Kindling in developing rodents


Kindling is the progressive development of seizures in response to a subconvulsant stimulus administered at regular intervals (Goddard et al., 1969). Traditionally kindling has been performed using brief, low intensity trains of electrical stimulation (electrical kindling), but kindling can be obtained also using chemicals. Kindling is an epilepsy model of complex partial seizures with secondary generalization (McIntyre, 1970). Electrical kindling represents the best model of age-specific patterns of seizure propagation and is considered a reliable method of assessing seizure susceptibility in the developing brain. Once induced it persists into adulthood. Kindling was the first model to document increased seizure susceptibility via amygdala stimulation in infantile pups (Moshe, 1981).




The kindling phenomenon has been studied in rats starting at the end of the first postnatal week (Baram et al., 1993). Seizure propagation from the stimulation site occurs faster during the first three weeks of life than in mature animals (Moshe, 1981). Immature rats spend less time in kindling stages marking the focal seizure origin (stages 1­2) compared to older rats. Focal afterdischarges are not easily confined to the stimulated focus and kindled seizures recurring at short time intervals develop rapidly (Moshe, 1981; Moshe & Albala 1983; Moshe et al., 1983; Baram et al., 1993). At PN7-9, kindled rats rarely develop bilateral clonic seizures or rearing and progress from unilateral clonic seizures to tonic seizures. At PN15-17, pups are also more prone to develop recurrent kindled seizures (Moshe & Albala 1983). Likewise, more severe seizures such as explosive jumping and tonic seizures (stages 6­7) require less than 30 stimulations in immature rats (Haas et al., 1990;1992) compared to about 100 stimulations in adult rats (Pinel & Rovner 1978). Alternating stimulations of two sites in immature rats leads to the development of seizures from both sites and accelerates kindling at both sites (Haas et al., 1990;1992) while in adult rats kindling antagonism develops (Burchfiel et al., 1986). This observation suggests that in pups, the circuits for seizure control are not mature. One of these circuits involves the SNR and its output system (Moshe, 1987). These kindling data suggest that in the immature brain, the refractory period that follows a seizure is very short compared to the long refractory period observed in adulthood and this may underlie the propensity of the immature brain for faster progression of seizures and development of SE (Moshe & Albala 1983). In immature rats, kindling of limbic structures leads to persistent alterations in the brain. Kindled PN15-18 rats can be rekindled faster during adulthood, whether the stimulation is applied ipsilaterally or contralaterally (Moshe & Albala 1983). These rats do not show any significant cell loss at CA3 or CA1, or mossy fiber sprouting, demonstrating that the permanent kindling phenomenon occurs without any underlying histological change (Ackermann et al., 1989; Haas et al., 2001).




Diazepam (Albertson et al., 1982),- gabapentin (Lado et al., 2001) and ACTH (Holmes & Weber, 1986) inhibit the development of kindling in immature rats. Progesterone has no effect on kindling in adult while in immature rats the hormone markedly inhibits kindling, preventing generalization of seizures (Holmes & Weber, 1984).







Conclusions


The immature brain is not a miniature version of the adult brain. Indeed, its maturation is based on careful sequences of cell birth, proliferation, formation of synapses and pruning and, at times, cell death. These events have time specific windows and are influenced by genetic and epigenetic factors including sex hormones. In the past 40 years, there has been much progress in developing animal models depicting human epileptic syndromes that have their onset early in life. We have reached a better understanding of the pathophysiology of seizure onset and propagation as well as the consequences and potential therapeutic paradigms for the epileptic disorders that occur in infancy and childhood. Treatment discovery has already started shifting towards using syndrome-specific animal models of pediatric epilepsies and seizures to identify better treatments for these syndromes. Nevertheless, there is a continuing need to develop effective translational approaches in order to prevent, treat or cure the progressive syndromes that may have long term effects on brain development and the life of the individual. It is necessary to identify the best possible models to screen for the efficacy of putative agents to stop ongoing seizures and, when appropriate, prevent the creation of a permanent epileptic state without disturbing the delicate steps underlying brain maturation.
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Some epilepsy genes and their phenotypes

Gene

SLC2AT/Glut1, glucose transporter type |

Phenotype

Early onset absence epilepsy; also in epilepsy with paroxysmal
exercise-induced dyskinesia

1p36 ‘GABRD GABA receptor variants E177A Generalized epilepsy with febrile seizures plus (GEFS+) with absence
and R220H andArg220His seizures
1921-23 | ATP1A2, sodium potassium ATPase alpha-2 subunit | Familial hemiplegic migraine with epilepsy
121 CHRNB2, beta 2 subunit of nicotinic acetylecholine | Autosomal dominant nocturnal frontal lobe epilepsy 3
receptor
2q22-23 CACNB4with R482X mutation, calcium channel | Idiopathic generalized epilepsy, juvenile myoclonic epilepsy
beta-4 subunit
2q24 SCN9A sodium channel alpha-9 subunit Dravet SMEI syndrome or simple febrile seizures, intractable epilepsy,
complex partial seizures with hippocampal scleroses, pain syndromes
2q24 SCN7A sodium channel alpha-1 subunit Intractable childhood epilepsy with generalized tonic clonic seizures
(ICEGTC); generalized epilepsies with febrile seizures plus (GEFS+);
severe myoclonic epilepsy of infancy of Dravet; febrile seizures 3 (FEB3)
2q24 SCN34, sodium channel alpha-3 subunit Partial epilepsy
2q23-243 | SCN2A, sodium channel alpha-2 subunit Benign familial neonatal infantile seizures; febrile
and afebrile seizures
4q13-31 SCARB2/LIMP2 Progressive myoclonus epilepsy, Unverricht-Lundborg type, also inaction
myoclonus-renal failure syndrome
5p13 EAATT; glial glutamate transporter Episodic ataxia with seizures, migraine, alternating hemiplegia
5q34 GABRAT, GABA A receptor alpha-1 subunit Juvenile myoclonic epilepsy
5q34 GABRG2, GABA A receptor gamma-2 subunit Generalized epilepsy with febrile seizures plus (GEFS+3) and childhood
absence; febrile seizures only, Dravet syndrome
6p12-p11 Myoclonin1/EFHCT gene Juvenile myoclonic epilepsy (EJM1)
6p-213 BRD2, mitogen-activated kinase gene Juvenile myoclonic epilepsy (EJM2)
6p-22 EPM2B, malin ubiquitin ligase Lafora progressive myoclonus epilepsy
6q24 EPM24, laforin/dual specificity protein phosphatase | Lafora progressive myoclonus epilepsy
7936 CNTNAPZ Focal epilepsy; developmental delay, cortical migration defects
8q24 KCNQ3, EBN potassium channel Benign familial neonatal convulsions

9433.3-q34.11

STXBP1/Munc18-1, syntaxin binding protein1
Sporadi

Sporadic Ohtahara syndrome of early infantile epileptic encephalopathy
with EEG suppression bursts.

9433.3-q34.11

SPTANT, alpha-2 spectrin deletion, duplication

Early onset epileptic encephalopathy (early onset West syndrome) with
severe hypomyelination

10q22 KCNMAT, BK potassium channel alpha subunit Generalized epilepsy and paroxysmal dyskinesia; nonconvulsive absence
seizures
10q24 LG1/Epitempin Autosomal dominant partial epilepsy
with auditory features
1p13 ELP4 elongator complex gene Rolandic epilepsy with centrotemporal spikes
11p155 SLC25A22/GC1 encodes mitochondrial glutamate/H | Neonatal seizures with EEG suppression-burst
+symporters and hypotonia
11q14-q23 | TSCT (hamartin) gene ‘Tuberous sclerosis
12p13 KCNAT voltage gated potassium channel Partial epilepsy, partial epilepsy in episodic ataxia 1
12p1331 ‘Atrophin binds to a TATA-binding proteinwhich s a | Dentato-rubro-pallido-luysian atrophy; CAG repeat; “Haw River"
cofactor for (CREB) cAMP-responsive element syndrome
binding protein-dependent transcriptional
activation; CREB is inhibited; dominant
12q22-q24.1 | TSC2 (tuberin) gene ‘Tuberous sclerosis
16p13 TBC1D24 gene (binds ARF6 which is involved in ‘Autosomal recessive familial infantile myoclonic epilepsy (FIME)
neurite branching and extension)
15q21 'ME2 malic enzyme involved in GABA synthesis Idiopathic generalized epilepsy
15q11-15 | GABRB3 GABA receptor beta 3 subunit Remitting childhood absence epilepsy
19p13 CACNAT-A, voltage-gated P/Q calcium channel | Absence epilepsy, familial hemiplegic migraine, dominant episodic
alpha subunit ataxia2, acetazolamide responsive, spinocerebellar degeneration type 6
19q13 SCN1B, sodium channel beta-1 subunit Generalized epilepsies with febrile seizures plus
19q132 NACHR nicotinic acetylcholine receptor alpha-4 | Autosomal dominant nocturnal frontal lobe epilepsy 1
subunit
20q KCNQ2 potassium channel subunit Benign familial neonatal convulsions (EBN1)
21q223 CSTB, cystatin B Unverricht-Lundborg disease; progressive myoclonus epilepsy Baltic
myoclonus (EPM1)
Xp22 TREX1,3"-5' DNAexonuclease ‘Aicardi's syndrome with earty infantile epileptic encephalopathy and EEG
burst suppression
Xp2z |ARX, Aristaless related homeobox gene X linked infantile spasms of West syndrome, spasticity, mental
retardation, Partington syndrome (ataxia, mental retardation and
dystonia), Ohtahara syndrome, X-linked myoclonic epilepsy
Xp2z CDKLS, yclin dependent kinase like 5 gene Infantile spasms, hypsarrhythmia, overlapping phenotypes of Angelman
syndrome and atypical Rett syndrome
xq221 PCDHI9, protocadherin 19 gene Dravet syndrome, epilepsy and mental retardation
in females (EFMR)
Xq22 SPRX2, secreted sushi-repeat containing protein | Rolandic epilepsy with oral and speech dyspraxia; bilateral perisylvian
polymicrogyria
Xq223-23 | DCX, doublecortin gene X-linked lissencephaly and subcortical band heterotopia, double cortex

Syndrome
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1l Some genetic diseases whose phenotype includes epilepsy

Chromosome | Epilepsy gene

1p15 Late infantile neuronal ceroid lipofuscinoses

1p32 Infantile neuronal ceroid lipofuscinoses (Finnish type); Haltia-Santavuori disease; CLN; palmitoyl-protein thiosterase
recessive

1p34 ‘Alpha-L-fucosidase-1/fucosidosis

1921 Glucocerebrosidase/Gauchers disease

2p21 Holoprosencephaly-2

3q252-q27 | Cerebral cavernous malformations (CCM3)

3p26-p25 von Hippel-Lindau disease (VHL 1and 2); type 1-retinal angiomas, CNS

3pter-3p21 Beta-galactosidase /GMs gangliosidosis

6q25-qter Fucosidosis; recessive; type 2; FUCAZ

7p13-p15 Cerebral cavernous malformations (CCM2)

7q ‘Cavernous malformations of the brain; unknown gene

7q21-q22 Cerebral cavernous malformations (CCM 1) (Krt 7 gene)

7936 Holoprosencephaly-3

823 Juvenile neuronal ceroid lipofuscinosis

11p15 Variant juvenile neuronal ceroid lipofuscinosis; Jansky-Bielschowsky disease; tripeptidyl peptidase (TPP1); (CLN2)

11p154-15.1 | Niemann-Pick disease types Aand B

11921-q23 Desmin myopathy; alpha-beta-crystallin (CRY A-beta)

11922 Charcot-Marie-tooth type 48; myotubularin-related protein 2

11q22-g23 | Dopamine D2 receptor; myoclonus-dystonia syndrome, dominant

11q22-23 ‘Ataxia telangiectasia; ATM gene for regulation of cell cycle; mitogenic signal transduction and meiotic recombinantion

12q22-q242 | Phenylalaninehydroxylase/phenylketonuria

13p22 Finnish late infantile neuronal ceroid lipofuscinosis

13q142-q21 | Wilson's disease

13q21-932 Late infantile neuronal ceroid-lipofuscinosis (Finnish type); (CLN5); Novel transmembrane protein of unknown function;
recessive

14q Spastic paraparesis and epilepsy

14q11.1-q13 | Holoprosencephaly-4

15q Epilepsy, dysmorphic face, mental retardation, temporal lobe malformation; 15 trisomy (chromosome 12-15 translocation)

16p12 Batten’s disease, juvenile neuronal ceroid lipofuscinosis; recessive; CLN-3; Novel transmembrane protein of unknown function

16q122-q21  |Bilateral frontoparietal polymicrogyria (BFPP)

18q11-12 Niemann-Pick disease type C; intracellular cholesterol trafficking; NP-type Dis allelic

Xp22.1-p212 | Glycine receptor, Rett syndrome

Xq26 Hypoxanthine-guaninephosphoribosyltransferase/Lesch-Nyhan syndrome

Xq27.3 Fragile X mental retardation syndrome; CGG repeats

Xq27.3-g28 | Iduronate 2-sulfatase/Hunter's syndrome

Xq27-q28 Incontinentia pigmenti 2

Xq27-q28 Rett syndrome; methyl-CpG binding protein2 (MECP2); occurs almost exclusively in women

Xq28 Incontinentia pigmenti; NEMO/IKBKG

Xq28 ‘Adrenoleukodystrophy, adrenoleukomyeloneuropathy

Xq28 Fragile X type E; GCC repeats

Xq28

Hydrocephalus aqueductal stenosis type
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Genetic map (cartography of chromosome loci) of some human epilepsy genes for epileptic

encephalopathies, some common epilepsies and progressive myoclonus epilepsies.





OEBPS/Images/JLE.gif
John Libbey|
W | | John Libbey






