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  Foreword


  




  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 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 1985 and 1989. This Classification, with numerous updates ­ and in spite of as many challenges ­ remains official and useful in 2012. 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 three further editions: in 1992, a major update on the syndromes justified a 2nd edition; in 2002, new concepts derived from the major advances in genetics and neuroimaging 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 changes. The syndromic approach is completed by an etiological approach, based on the major advances in genetics and functional genetics. New entities have found their place, and a purely descriptive, “electro-clinical” approach is no longer adapted in many circumstances. Like its predecessors, the 5th edition of the “Blue Guide” includes the most recent advances in our understanding of the epilepsies. It was necessary to justify the physiological, epidemiologic, genetic and therapeutic approaches and to consider them in the light of the new classification efforts, which are still in the making. But the description of epileptic syndromes, both classical and recent, remains at the core of this book.




  The diversity of contributors, both editors and authors, ensures the objectivity and quality of the various chapters. We hope that the “Blue Guide” will maintain its position as a reference textbook for clinical and theoretical epileptology.




  Nothing could have happened without the dedication of the John Libbey Eurotext staff. We must also thank our patients, who over the years provided the material for this work, and who, we hope, will in the end benefit from a better knowledge of epileptic syndrome by the clinicians who take care of them.




  This 5th edition is dedicated to Dr Joseph Roger, who, for the first time, did not collaborate actively, but showed us support. He is still our inspiration and an example we have been following for many years.




  The editors




  Disclaimer




  The editors thank patients and families, who gave their consent for the use of their video recordings in the DVD associated with this 5th 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 included in the DVD 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, including teaching courses and continuing medical education.
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  Part I. The syndromic approach of epilepsies




  Chapter 1


  Classifications: evolving concepts




  Peter WOLF and Sándor BENICZKY




  Danish Epilepsy Centre Filadelfia, Dianalund, Denmark


  




  The epilepsy classifications have long been under discussion, for various reasons, and there exist different opinions about the purpose of classifications. In principle, they serve two independent objectives (Wolf, 2003), which are to have (1) a taxonomic system to organize our views and knowledge; and (2) a diagnostic manual to help categorizing our patients in ways that facilitate communication and research. Whichever purpose we look at, however, the fundament of medical classifications is always the current nosological understanding. The problems (Wolf, 2010) of the latest report of the ILAE Commission on Classification and Terminology (Berg et al., 2010) are not the least due to their negligence of the past and present developments of epileptological nosology. When we discuss evolving concepts in relation to classification, it is the nosological concepts we need to discuss, and we are in a period where these are undergoing substantial changes.




  Focal vs. generalized




  The still valid ILAE classification system consists of a classification of epileptic seizures (Commission, 1981) and a classification of epilepsies and epilepsy syndromes (Commission, 1989). Both are interlinked by a dichotomic view of the generation of seizures in the brain which distinguishes two main types of ictogenesis, i.e. generalized and focal. The syndrome classification uses in addition an etiological dichotomy of idiopathic vs. symptomatic epilepsies, with a category “cryptogenic” for the cases with unknown etiology. It is worth noting, however, that, whereas the etiological dichotomy is very old, in its origins dating back to Galen (Temkin, 1971), the dichotomy of generalized vs. focal is rather recent.




  The concept of focal epilepsy originated in the cooperation of Jackson who started to anatomically interpret the seizure semiology, and Horsley who surgically intervened at the identified site (Horsley, 1886). With the advent of the EEG the concept was corroborated by the typical finding of focal spikes or sharp waves (Figure 1).
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  At the same time, a second type of epileptiform discharge was identified consisting of a bilateral pattern of widespread spikes and slow waves (“spike-waves”, SW), more or less symmetrical and quasi-synchronous (Figure 2a). This was called generalized, and the term became rapidly used also for the seizure types and syndromes for which this discharge was characteristic. Thus, the two counterparts of this dichotomy, focal and generalized, are not equivalent. Focal is a term based on anatomical analysis and representing a pathophysiological understanding, whereas the term generalized is merely descriptive, based on an impressionist view of the scalp EEG, and originally with no pathophysiological concept attached. As our understanding of these epilepsies is developing due to better investigation techniques, the term has lost its meaning and is about to be abandoned.




  [image: ]




  Focal, local, partial, localization-related




  ¦ The terminology




  When the ILAE started to develop the international classifications, focal, local and partial came to be used interchangeably, with partial as the preferred term. Partial is based on an old distinction between epilepsy proper where all limbs convulse, and epileptiform seizures with only partial involvement of the musculature. It was then redefined as a counterpart to generalized by “discharge more or less localized over one or, sometimes, both hemispheres” (Commission, 1964) and, 6 years later, more precisely, as “seizures in which the first clinical changes indicate activation of an anatomical and/or functional system of neurons limited to a part of a single hemisphere” plus a corresponding EEG definition (Gastaut, 1970). This definition makes “partial” a practically perfect synonym of “focal” and “local” which worked well with the seizure classification. With the raise of modern epilepsy surgery in the past two decades, however, the “Jacksonian” term focal came to prevail, and the 1997-2001 Classification Task Force recommended adopting it as the exclusive term (Engel, 2001).




  The classification of epilepsies and epilepsy syndromes which was first drafted in 1970 (Merlis, 1970), then detailed and in revised form accepted by the ILAE in 1989 (Commission, 1989), presented different terminological problems. There are patients who have only generalized tonic-clonic seizures (GTCS) with a focal onset, and a diagnosis of “partial epilepsy” would be inadequate for them, whereas “focal epilepsy” is no problem. On the other hand, there are many children with idiopathic epilepsy with centro-temporal spikes who have focal seizures but no constant focus, as a diagnosis of “focal epilepsy” would suggest. The seizures in these patients and their EEG spikes (Figure 3) may shift from one hemisphere to the other but remain related to a specific localization, i.e. the face and arm area of the perirolandic cortex. In consequence, the ILAE syndrome classification introduced the term “localization-related epilepsies” (LRE) for all epilepsies with focal (local, partial) seizures, as an interim term to be used until we would better understand the pathophysiological background of these epilepsies. This time seems to be approaching.
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  ¦ Ictogenesis in focal epilepsies




  Focal seizures typically originate within a limited area from which they propagate. Different patterns of seizure onset have been distinguished (Ogren et al., 2009). Typical modes of propagation have particularly been investigated by intracranial EEG recordings during presurgical monitoring of seizures (Jenssen et al., 2011). In ictal perfusion studies the evolution of focal seizures appears as an interplay of hyperactivity and inhibition in different regions of one or both hemispheres (van Paesschen et al., 2003; Nelissen et al., 2006). More recently research has focused on pathogenic networks around epileptogenic zones which are involved in the early phase of seizure generation (Guerrini & Barba, 2010; Wilke et al., 2010).




  Ictogenic networks in lesional focal epilepsies have not been shown to use the existing networks of physiological function although it seems likely that they may recruit parts of them, mostly for seizure propagation.




  ¦ Ictogenesis in idiopathic localisation-related epilepsies (ILREs)




  There has been very little research into the ictogenesis of focal seizures in ILREs. For obvious reasons, unlike symptomatic focal epilepsies, no invasive recordings exist. Even ictal scalp EEG recordings have rarely been reported, perhaps a little more frequently in the two occipital lobe syndromes (Fejerman, 2008b; Gobbi et al., 2008) than in Rolandic epilepsy (Clemens, 2002; Fejerman, 2008a). A critical comparison with ictal EEG patterns of symptomatic focal epilepsies is missing, and the initiation of such focal seizures seems not have been studied. Jung et al. (2003) looked at patterns of propagation of interictal spikes in benign Rolandic epilepsy by sequential topographic EEG mapping (Figure 4). Rolandic spikes appeared to originate from sulcal or gyral cortices on either side of the central sulcus, and spike propagation could ensue by intracortical spreading.




  At present, the only data concerning ictogenic networks in ILREs seem to relate to Primary Reading Epilepsy and are discussed below. They seem to indicate the use of physiological networks (Salek-Haddadi et al., 2009).
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  Generalized




  ¦ The cortico-reticular concept




  The question of the mechanism generating generalized ictal activity became rapidly a matter of controversy. Gibbs & Gibbs (1952) assumed that it was a primarily cortical discharge both in its origin and propagation whereas Penfield & Jasper (1954) in their “centrencephalic” hypothesis postulated a primarily subcortical upper brain stem/thalamic system with bilateral diffuse cortical projections. According to Gloor (1968), however, the mechanism of discharge could not satisfactorily be explained by evoking only cortical or only subcortical mechanisms, but required an abnormal interaction of cortical and subcortical grey matter. This “cortico-reticular” or “thalamo-cortical” concept has been widely accepted and currently updated, lately with discussion of its inherent variability (Blumenfeld, 2005). Absences and subclinical SW discharges could, on this background, be understood as resonance phenomena within this circuit, most often ending spontaneously but occasionally turning into a motor seizure (myoclonic or GTC) by mechanisms which, however, still needed to be explained.




  ¦ Critique of the EEG term




  The epileptiform discharge in the EEG of patients with idiopathic generalized epilepsies (IGEs) is bilateral, quasi-symmetric and quasi-synchronous. But to call it generalized is an oversimplification because it is not homogeneous over the entire head. Commonly it is most prominent over the frontal-precentral leads (Figure 2a) or may even be restricted to these. In addition, the aspect of the scalp EEG can be misleading depending on the montage (Figure 2b).




  In a minority of patients there is an occipital accentuation, especially in patients with photosensitivity (Figure 5). However, local spikes can also be observed (Figure 6). These are often called “pseudofocal” not because they look different from “true” focal spikes but because they appear where they are not expected, i.e. in the context of an IGE, often together with bilateral symmetric discharges (historical or in the same EEG; Lombroso, 1997). All these aspects have long been well known but little discussed. They seem to indicate the involvement of bilateral regional structures or functional-anatomical circuits in the ictogenesis of these epilepsies, and this aspect has become clearer with the introduction of more sophisticated methods of EEG evaluation like source analysis (Tucker, 2007). More recently, investigations using magnetencephalography (MEG) alone (Westmijse et al.; 2009, Sakurai et al., 2010) or together with EEG (Stefan et al., 2009) have provided more evidence supporting this view.




  Thus, even if only the EEG is considered, with the present knowledge the term generalized clearly is a misnomer. In addition, a series of clinical findings and studies with a variety of methods have further contributed to its dissolution.
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  ¦ Contributions of reflex epilepsies




  For many years, reflex epilepsies (see Chapter 31) have mostly been considered as a curiosity without any particular interest. But this was not always so, and it has changed again more recently.




  Bickford & Klass (1969) studied reflex epilepsies because “they might reveal mechanisms operative in the more commonly encountered spontaneous seizures. The latter may represent only a variety of the former in which external input factors are less powerful than the cyclical changes in internal excitability.” They discussed photosensitivity and pattern sensitivity, sound-induced seizures, startle epilepsy, somesthetic and proprioceptive induction, reading epilepsy, and emotional and intellectual induction. Of particular interest is a paper by Bickford et al. (1953), one of the first publications ever written on photosensitivity, a reflex epileptic trait closely related to IGE (Wolf & Goosses, 1986). Bickford et al. reporting 27 own observations wondered why a stimulus applied to the visual system produced myocloni, i.e. a response in the motor system. They proposed three possible pathways: either (1) transcortical, or (2) by activation of the thalamo-cortical system from the striate cortex, or (3) via the lateral geniculate body in parallel to the activation of the occipital cortex. These hypotheses have been very little discussed, and their direct investigation has only recently become possible. Moeller et al. (2009b) demonstrated by EEG-triggered functional magnetic resonance imaging (fMRI) the activation, during a SW absence pattern in the EEG, of thalamus, superior collicles and lateral geniculate body in the development of a photically induced GTCS, supporting Bickford's third hypothesis. However, this mechanism seems only to come into play secondarily whereas the preceding mere photoparoxysmal EEG response is characterized by a sequence of activation and deactivation of frontal and parieto-occiptal cortex (Moeller et al., 2009a). For a more detailed account of the pathophysiology of photosensitivity see Chapter 30.




  Two other reflex epileptic traits are common in juvenile myoclonic epilepsy (JME). Praxis induction is seen in 50% of Japanese patients with this syndrome (Matsuoka et al., 2000) and in 25­35% in Germany and Brazil (Mayer et al., 2006; Guaranha et al., 2009). Orofacial reflex myocloni (ORM) precipitated by talking were found in 25% of 65 JME patients by Mayer et al. (2006) and in 19% of 76 JME patients by Guaranha et al. (2009). Both reflex epileptic traits indicate interaction between a widespread cortical network subserving complex physiological cognitive functions, and a short peripheral reflex loop in which myoclonic responses are generated (Wolf & Koepp, 2011).




  As is discussed in the chapter on complex reflex epilepsies, the ORM seen in JME patients are phenotypically identical with primary reading epilepsy (PRE), an idiopathic, genetically determined LRE (Wolf, 1992) where they are the name-giving feature. This is of considerable nosological consequence because the two syndromes that, thus, have in common a reflex epileptic trait, probably an ictogenic network, perhaps even a gene, stand on either side of the traditional dichotomy of generalized vs. localization-related. This seems to indicate that the dichotomy needs to be reconsidered, at least as far as idiopathic LREs go.




  By clinical analysis, ORM in PRE originate in a network involving the parieto-occipital cortex of both hemispheres, the areas subserving language functions, and a short proprioceptive reflex loop of motor cortex and speech musculature (Wolf & Koepp, 2011). This was recently corroborated by EEG-triggered fMRI (Salek-Haddadi et al., 2009) which also, like in IGE, revealed involvement of subcortical structures. The relevant network producing ORM in JME is probably not fundamentally different.




  ¦ Neuropsychological findings




  Obvious mental pathology does not belong to the clinical picture of IGEs. However, more recently a series of more subtle deficits particularly of frontal lobe functions have been described in JME. They were reviewed in Wandschneider et al. (2010) and affect visual working memory, executive functions like planning and task switching, word fluency and response inhibition. Deficits of prospective memory were found not only in patients with JME but also in their healthy siblings. They seem, thus, to be genetically determined rather than seizure-related (Wandschneider et al., 2010).




  ¦ Morphological findings




  When Meencke & Janz (1984) reported post-mortem micromorphological anomalies in the frontal lobes of eight IGE patients it was clearly felt (Lyon & Gastaut, 1985) that these findings were a challenge to the concept of IGE as it stood at the time. These investigations were not repeated, probably because autoptic material from IGEs is difficult to get by, but the findings were later corroborated by quantitative MRI studies (Woermann et al., 1999; Kim et al., 2007). Recently, these have also been correlated with findings of EEG source analysis (Betting et al., 2010).




  ¦ Findings with functional studies




  The modern methods of functional imaging provided very important contributions to the pathophysiology of IGE. These will not be discussed here in detail since they are referred in the relevant chapters. They include single photon emission computerized tomography (SPECT), positron emission tomography (PET), MR spectroscopy (Savic et al., 2000) and fMRI. Some of these have already been mentioned above. Apart from thalamus, in particular the reticular nucleus, they indicate involvement in the ictogenic processes of the caudate nucleus, default mode areas, various fontal areas (Moeller et al., 2010), parietal (Hamandi et al., 2006; Carney et al., 2010) and occipital cortex (Agakhani et al., 2004), the praecuneus (Vaudano et al., 2009) and, in photosensitive subjects, the colliculi superiores and the lateral geniculate body (Moeller et al., 2009a). The identification of areas involved is of course only the first step which still needs to be followed up by a clarification of the kind of the related functional deviations like spatial distribution of ion channels and transmitter sites (Landvogt et al., 2010), or reduced connectivity of the supplementary motor area. The latter separates JME from both frontal lobe epilepsy and healthy controls as investigated with MRI diffusion tensor imaging and tractography (Vulliemoz et al., 2010). We can expect many more such investigations to follow, and they will eventually try to link local functional deviations to known genetic defects.




  Conclusions




  ¦ Are generalized seizures focal seizures in disguise? Are all epilepsies focal?




  Focal seizures start in local neuronal aggregates, to which they may remain restricted or from where they spread to variable extents within one hemisphere or beyond. This pattern is so well understandable that many find it difficult to imagine other types of ictogenesis. Therefore, many clinicians tend to believe that in generalized epilepsies there also is an ictogenic focus which is only difficult to discover because it is subcortical. However, there was never much to support this idea, and the typical EEG pattern, alternating between excitation (spike) and inhibition (slow wave) (Niedermeyer & Lopes da Silva, 2005) indicated a different modality. In animal studies it was found that generalized SW are triggered in restricted cortical regions, and fMRI data indicated that similar mechanisms are sometimes involved in human absences (Moeller et al., 2010). Here, cortical activation seemed to trigger within 5 to 10 seconds a probably pre-established cascade of events in one of several corticothalamic networks (Blumenfeld, 2005) that underlie the widespread bilateral SW discharge of absences. Of nine patients investigated by Moeller et al. (2010) initial local cortical activation was found in six, and the locus was intra-individually consistent but inter-individually variable, involving several frontal and parietal areas. In three patients, no cortical initiation zone was identified.




  In comparison, the initiation of seizure activity in lesional focal epilepsy seems to be quite different (Ogren et al., 2009). An increase in the BOLD signal in the seizure-onset zone has been reported to occur 10­40 seconds before the clinical seizure onset (Donaire et al., 2009) which then is followed by variable modes of propagation.




  A different aspect is that several drugs of first choice for focal epilepsies can aggravate seizures that are typical for IGEs (myoclonic, absence). This is not only clinically highly relevant but also indicates some fundamentally different basic mechanisms of ictogenesis.




  It is at present not yet possible to make comparisons with seizure generation in symptomatic generalized epilepsies since these mechanisms have been little investigated.




  To conclude, ongoing investigations of the mechanisms underlying seizure generation and evolution in human epilepsies confirm the existence of at least two fundamentally different types of ictogenesis in lesional focal epilepsies and in IGEs.




  ¦ The nosological place of the ILREs




  This group of frequent paediatric epilepsy syndromes which was completely forgotten in the last report of the Classification Commission (Berg et al., 2010) poses one of the most challenging nosological problems. The international syndrome classification was from its first draft (Merlis, 1970) primarily based upon the seizure types: epilepsies with partial seizures were partial epilepsies, and epilepsies with generalized seizure were generalized epilepsies. In consequence, symptomatic epilepsies with focal seizures and idiopathic epilepsies with focal seizures were considered as belonging to the same “family” of localization-related as distinct from generalized epilepsies.




  It is only now that we start to understand that probably the distinction of idiopathic vs. symptomatic epilepsies is nosologically more important than localization-related vs. generalized epilepsies. This view fits much better with such evidence as the co-occurrence of generalized seizures in individuals with ILREs (Caraballo et al., 2004) and their families (Taylor et al., 2008). Frequent occurrence of generalized epileptiform EEG patterns in these syndromes was recently reported by Yum et al. (2010). Likewise, co-occurrence of PRE and JME was described by Radhakrishnan et al. (1995) and Wolf et al. (1998), and the phenotypical and perhaps genotypical overlap of these two syndromes with respect to ORM was discussed above. As is discussed in the relevant chapters of this book ILREs usually have a genetic basis, and they often involve both hemispheres with homologous areas.




  The finding of a widespread bilateral functional-anatomic network normally subserving cognitive and executive functions in PRE (Salek-Haddadi, 2009) adds another similarity with the pathophysiology of IGEs rather than lesional focal epilepsies.




  But there is still the difference from IGEs that the seizures in these syndromes are focal and, as far as is known at present, seem not regularly to use the thalamocortical circuits which have a central role in these.




  To conclude, ILREs appear today as a variety of idiopathic epilepsies rather than a variety of focal epilepsies. However, more studies about their ictogenic mechanisms are needed to precisely define their nosological place.




  ¦ IGE and ILRE as “system epilepsies”




  With our growing knowledge of the ictogenic mechanisms of the so-called generalized epilepsies it has become increasingly clear that this term is unsatisfactory and misleading. The proposal to replace it by “system epilepsies” (Wolf, 2006) was based upon the recognition of the role of functional anatomic networks or central nervous subsystems. In addition it intended to approach epileptological terminology to general neurological terminology where the distinction of localized pathologies from system disorders is fundamental. One of the important tasks ahead is that of defining which central nervous subsystems are involved in various types of system epilepsies. It has been proposed that networks involved in the generation of absences physiologically serve random episodic silent thinking and states of awareness (Carney et al., 2010). The functional networks of praxis induction (vide supra) appear to be those that serve complex visuomotor coordination.




  Meantime, the same term has also been proposed for ILREs, “epilepsies with focal seizures depending on an age-related epileptic susceptibility of a given cerebral system (on either side of the brain)” and no evidence of structural abnormality, benign Rolandic epilepsy being the prototype (Capovilla et al., 2009). Evidence has been provided in PRE, another ILRE, of a different functional anatomic system, i.e., the complex bihemispheric network serving the formal performance of reading literal script.




  To conclude, the term system epilepsies (Avanzini et al., 2012) seems adequately to describe the features that are common to the idiopathic “generalized” and localization-related epilepsies. System epilepsies would be opposed to lesional focal epilepsies whereas the place of symptomatic generalized epilepsies remains to be better investigated.




  ¦ Evolving nosological concepts and classifications in epilepsy




  From the above it would appear that our nosological understanding of the epilepsies is undergoing important changes where above all we reach a much clearer idea of the pathophysiology of what still is called IGE. The difference of these from the ILREs seems now to be gradual rather than categorical. A new concept of ictogenesis in widespread, pre-existent functional anatomic networks uniting both these genetically determined groups of epilepsies seems to be emerging. It will eventually require a new term which could be system epilepsies or also something else that separates them from symptomatic focal epilepsies with ictogenic networks organised around epileptogenic lesions. The development is rapid and not fully reflected in the 2010 report of the Classification Commission although it recognizes fundamental differences between the ictogenic networks producing focal vs. generalized seizures. On the other hand, the Commission amazingly has proposed changes of terms where there are no changes of concepts.




  The editors of this book believe that before long the new concepts will have been clarified with sufficient detail to allow a qualified consensus about changes in the classification. Such changes should be sufficiently well-founded to justify their far-reaching consequences for the neurological community who has by now well adopted the classification system of the International League against Epilepsy.
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  Introduction




  This 5th edition of Epileptic Syndromes in Infancy, Childhood and Adolescence contains detailed descriptions and discussions of: (1) nineteen age-dependent syndromes most of which are genetically based and expressed primarily as epilepsy; and (2) eight epilepsy syndromes with specific forms of acquired etiologies. This reflects the high importance of genetics for our present understanding of the epilepsies, which is also documented by the recent proposal of the ILAE Commission on Classification and Terminology (Berg et al., 2010) to make “genetic epilepsies” a main category of the epilepsy classification. Our two aims in this chapter are: (1) to present the genetic bases of the epileptic syndromes and a cartography/chromosomal map of epilepsy genes (Table I, Figure 1); and (2) to discuss clinical genetic testing for epilepsy genes, focusing on genotyping that is of practical use to the clinician/practitioner. This chapter also focuses on those epileptic syndromes that introduced new and seminal concepts in epileptology, their semiology, clinical course and the practical importance of their recognition by clinical genetic testing.
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  Genetic map/cartography of epilepsy genes




  In 1969, Gastaut originally proposed to classify epilepsies into generalized and partial while subdividing generalized epilepsies into primary and secondary generalized epilepsies (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 Marseille group and the German school. This initiative was documented in the first edition of this book (Roger et al., 1985).




  Historically, age-dependent genetic epileptic syndromes acted as probes that cut into heterogenous groups of specific epilepsies. This introduced new concepts in epileptology over the last two 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, the first rising tide of epilepsy gene discoveries reached shores, in 1995, and discoveries of more epilepsy causing mutations changed our concepts of epilepsy syndromes into epilepsy diseases (see Table I and Figure 1 for epilepsy gene map/cartography), as exemplified by disease causing mutations in the alpha4 subunit of nACH receptor (Steinlein et al., 1995), SCN1A, SCN1B (Wallace et al., 1998; Escayg et al., 2000, 2001), in KCNQ2, KCNQ3 (Singh et al., 1998; Charlier et al., 1998; Biervert & Steilein, 1999; Biervert et al., 1998) and in the gamma2 subunit of GABA-A receptor (Baulac et al., 2001; Wallace et al., 2001).




  There are now some 43 disease-causing mutated genes primarily expressed as epilepsies (Table I) and about 40 genetic diseases whose phenotype significantly include epilepsy (Table II). There is an ever growing list­now about 21 chromosome loci for which epilepsy genes are still to be identified (Table III). 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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  The concepts of epilepsy syndromes as epilepsy diseases, based on the age-dependent genetic syndromes and their epilepsy causing mutations, can be summarized as follows: (1) epileptic encephalopathies of infancy and childhood can be genetic, as exemplified by SCN1A mutations in Dravet syndrome (Claes et al., 2001; Dravet et al., 2005; Harkin et al., 2007) and STXBP1 or ARX mutations in Ohtahara syndrome (Kato et al., 2007; Saitsu et al., 2008); (2) ion channelopathies (SCN1A, SCN1B, KCNQ2, KCNQ3) (Wallace et al., 1998, 2001, 2003; Hirose et al., 2000) can cause simple febrile seizures, Dravet syndrome and GEFS+ syndrome as well as benign neonatal and infantile epilepsy syndromes; (3) receptoropathies, e.g., nACH or GABA can cause genetic focal epilepsies (ADNFLE) (Steinlein et al., 1995; DeFusco et al., 2000; Hirose et al., 1999; Steinlein et al., 1997) as well as genetic generalized epilepsies (absence epilepsies of childhood and adolescence (Baulac et al., 2001; Cossette et al., 2002; Dibbens et al., 2004; Wallace et al., 2001); (4) developmental genes, e.g., myoclonin1/EFHC1, BRD2, EL4, TBC1D24, CDKL5, STXBP1 and MAG12 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); (5) genes involved in cell death, 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 syndromes; (6) specific developmental genes involved in cell proliferation (e.g., EMX2 homeobox gene in schizencephaly), migration (e.g., filamin 1 gene in periventricular nodular heterotopia; LIS1 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); and (7) microscopic rearrangements, microdeletions and chromosomal defects are common causes of epilepsy, dysmorphisms and mild mental retardation (Dibbens et al., 2009; Helbig et al., 2009).




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




  ¦ Clinical genetic testing (genotyping)




  With more powerful platforms, such as array comparative genomic hybridization and “next generation sequencing,” allowing individual whole exome or whole genome sequencing, more and more Mendelian epilepsy genes, deletions, duplications and susceptibility alleles should be discovered in epileptic syndromes. Presently, most genetic tests involve studying chromosomes, DNA or RNA. However, genetic tests can also involve proteins and metabolites in order to detect heritable disease related phenotypes. Table I lists 43 epilepsy genes identified so far. Many of these epilepsy genes, their chromosome loci and their epilepsy syndromes/phenotypes are discussed throughout this book. The neurological 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 result of test results. Genetic counselors should include discussions on risk estimates of the epilepsy syndrome for siblings or future offsprings, 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$10,000 or more (Blandfort et al., 1987; Ottman et al., 2010).




  ¦ When and why test?




  The neurological practitioner/epileptologist applies clinical genetic testing in order to make medical decisions, e.g., to clinch the diagnosis of a symptomatic person, as in SCN1A or SCN9A mutations in Dravet syndrome, to diagnose a presymptomatic person and offer early treatment, as in nonsense mutations of Laforin/DSP in Lafora disease, and 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 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 result of test results in severe and fatal epilepsy syndromes. Thus, a mental health expert may need to be an important team member.




  ¦ What tests to use?




  The neurologist/epileptologist should know what test methods are available for single gene epileptic disorders and for microdeletion/duplications and know the costs of the tests. In single gene epileptic disorders, a specific gene may be targeted (e.g., MERRF syndrome) or a panel of multiple genes associated with a specific phenotype (e.g., various genes tested as a batch causing infantile spasms, or progressive myoclonus epilepsy or Dravet syndrome). Deletion/duplication analyses can be done by quantitative PCR, real time PCR, MLPA or multiple ligation panel array and array comparative genomic hybridization (see Table IV for definitions of some terms used in test results).
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  At the present time, sensitivity, specificity and clinical utility enhances diagnosis and treatment of a growing list of specific epilepsy syndromes. For some of these specific epilepsy syndromes, genotyping is the most direct, cost effective and accurate diagnostic test that can enhance treatment and prognosis. Some of these specific epileptic syndromes are (1) repeating (5 or more) or prolonged (> 10 mins) febrile convulsions that start before 7 months of age caused by Dravet syndrome; (2) infantile spasms caused by genetic epileptic encephalopathies; (3) epilepsies with MRI proven cortical malformations; (4) childhood and adolescent myoclonias and clonic tonic clonic seizures of progressive myoclonus epilepsies; and (5) absence of early childhood due to GLUT1 deficiency.




  Presymptomatic genetic testing for the progressive myoclonus epilepsies can be justified only if a treatment can be offered, e.g., in Lafora type PME when IV gentamicin and the emerging premature stopcodon readthrough drugs, such as PTC124, can be offered as “compassionate therapy” for nonsense mutations. 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. Neurologist and epileptologists should not undertake this approach by themselves and should have a genetic counselor lead the pretest counseling. There is presently no justification in the clinics for routine clinical screening for predisposition to multifactorial or genetically complex epilepsies except perhaps for clarification of diagnosis.




  Genetic testing for epilepsies in infancy




  ¦ Dravet syndrome




  For repeating or prolonged febrile seizures in the first year of life, genotype for SCN1A, 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 protocadherin 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 is 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%).
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  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 contigous 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.




  De novo mutations in SCN1A 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.




  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 analysed 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 channel­SCN9A 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 erythermalgia, 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.




  Aside from febrile convulsion 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 convulsions 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: (1) 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); (2) when an epileptic encephalopathy is blamed on vaccine encephalopathy as in post pertussis vaccine encephalopathy (Berkovic et al., 2006); and (3) 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).




  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, carbamezapine, 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 or valproate plus levetiracetam or valproate plus topiramate or valproate plus ketogenic diet are recommended (Guerrini et al., 1998a, 1998b; Striano et al., 2007; Ceulemans et al., 2004; Korff et al., 2007; Caraballo et al, 2005). 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 gentamicin that crosses the blood brain barrier, should be conducted in the future.




  ¦ Febrile seizures and GEFS+




  For confirming inheritance during family planning and for clarification of diagnosis, ion channelopathies and GABRg2 mutations that cause febrile seizures and GEFS+ are sometimes genotyped




  Genotyping for sodium channel mutations and GABRγ2 in GEFS+ syndrome is not recommended as a routine procedure in the clinic because of its costs and because only 11.5% are positive for SCN1A mutations, only 4% for SCN1B mutations, and rarely (< 1%) for GABRγ2 mutations. However, 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).




  Dravet syndrome cuts into the heterogenous 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 8q13-21, FEB2 in 19p, FEB3 in 2q23-24, 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.




  Because of genetic heterogeneity, their usual benign course, and the cost of genotyping, routine clinical genetic screening for mutations in SCN1A in GEFS+ and simple febrile convulsions is rarely done and is not recommended as a clinical routine.




  ¦ 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. Epileptic encephalopathies are a group of epilepsy diseases in which the same underlying disease process causes impairment of cognitive, behavioral, motor and other brain functions. As mentioned earlier, Dravet syndrome was the first of the genetic forms of epileptic encephalopathies 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 (1) 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 epileptic encephalopathy (Weaving et al., 2004); (2) X linked interneuron related transcription factor ARX causing epileptic encephalopathies 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); (3) Xq22 gene SPRX2 that produces Rolandic seizures associated with oral and speech dyspraxia and mental retardation or bilateral perisylvian polymicrogyria (Roll et al., 2006); (4) X linked protocadherin 19 gene (PCDH19) in female limited epilepsy and mental retardation and (Dibbens et al., 2008; Depienne et al., 2009); (5) syntaxin binding protein 1 or STXBP1(MUNC18-1) causing early epileptic encephalopathy with EEG suppression burst (Ohtahara syndrome) (Saitsu et al., 2008); and (6) deletion in the MAG12 gene in chromosome 7q11.23-q21.11 as mentioned above (Marshall et al., 2008).
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  Genetic testing for epilepsies in childhood and adolescence




  ¦ Epilepsy in children with chromosome abnormalities




  Why and when should practitioners karyotpe 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 VI). 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 VI 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 hypsarrythmia) 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 waves 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 (alpha2, alpha4 and gamma1 in chromosome 4p16.3; and beta3, alpha5 and gamma3 in chromosome 15q11-13) are thought to reduce GABA inhibition and produce the epilepsy phenotypes.
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  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, hyperelastic 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.




  ¦ Clinical genetic tests separate 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).




  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 before neurologic deterioration ensues, 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, carbamezapine, oxcarbazepine and lamotrigine (Biraben et al., 2000; Carrazana & Wheeler, 2001). Recently, 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 cystatin 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, missense 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 other Mendelian epilepsies




  Routinely testing patients with familial idiopathic epilepsies, such as KCNQ2 and KCNQ3 for benign familial neonatal convulsions (Charlier et al., 1998), LGI1 for autosomal dominant partial epilepsy (Kalachikov et al., 2002), BRD2 and ME2 for JME (Pal et al., 2003; Greenberg et al., 2005) or ELP4 for EEG centrotemporal spikes in Rolandic epilepsy with speech and language disorders (Pal et al., 2003; Lorenz et al., 2006; Cavalleri et al., 2007; Strug et al., 2009; Kugler et al., 2008; Clarke et al., 2007, 2009; Guerrini et al., 1999; Bali et al., 2007) is presently not recommended because of high costs, low clinical utility produced by heterogeneity, and because test results offer little advantage over empiric risk assessment based on family history.




  In these clinical settings, the diagnosis is often clear, finding a mutation would not alter the course of treatment and would have little bearing on genetic and prognostic counseling. 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.




  ¦ Genetic testing in absence epilepsies (AE)




  Separating Glut1 (Glucose transporter type 1 gene or SLC2A1 for soluble carrier 2A1) mutations from GABR mutations and CaV2.1 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 (see Table VII). 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. 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), cerebrospinal fluid (CSF) glucose measures usually less than 2.5 mM/liter or hypoglycorrhachia (see table VII). 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 GABRalpha1 (Cossette et al., 2002), GABRgamma2 (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.
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  For clarification of diagnosis, to separate nocturnal phenomenon and sleep disorders from autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE), as well as to design a treatment scheme in intractable epilepsies, CHRNA4, CHRNA2 and CHRNB2 mutations can be tested for ADNFLE




  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 4 subunit (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., 2001; 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 3p22-24 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 CHRNA4 subunit or the mutated CHNRB2 show increased affinity to acetylcholine except for S256L and significantly lower permeability to calcium. This suggested that increasing CHRN alpha4beta2 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 nonconvulsant 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.




  Genetic testing in genetically complex common epilepsies




  To date, replication of genetic variants that contribute to epilepsy susceptibility has been hard to find (Cavalleri et al., 2007a, 2007b). Microdeletions in chromosome 15q13.3 were recently reported to 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 the next 10 years, the promise of personalized medicine for genetically complex epilepsies, using next generation whole exome sequencing and whole genome sequencing, where genetic variants help diagnosis and predict drug response and prognosis will come to fruition.




  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 central respiratory depression, cerebral depression, and autonomic dysfunction. 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 do you 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 evalutation 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 (hyperpolarization­activated 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 cytoplasmic 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, carbamezapine, 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. Levtiracetam, 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, catecholamineergic 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 syndrome­long QT syndrome, catecholamineergic 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




  The EEG is still the most useful and dependable laboratory technique in epilepsy investigation and management, providing evidence of functional markers of abnormal electrical brain activity, either ictal and interictal, relevant for the diagnosis of this pathologic condition. The recognition and correct interpretation of the wide variety of interictal and ictal EEG abnormalities that can be associated with an “epileptic disorder” may be crucial for a precise diagnosis of an epileptic syndrome. The corollary of this assumption is that the EEG contribution is still highly dependent on the skill and expertise of the EEG reader. The diagnostic yields of the EEG for the diagnosis of epilepsy may furtherly increase when the EEG assessment, coupled with an epilepsy expert consultation, is performed temporally close to the ictal event, allowing even in first-seizure patients a correct diagnosis of epilepsy up to a syndromic level (King et al., 1998).




  In the management of patients with established epilepsy, the definition of epilepsy syndromes based on age at onset, seizure types, EEG findings and aetiology has been an important advance. In particular, the recognition of clusters of EEG features (such as, for instance, the background activity, the morphology and topography of epileptiform graphoelements, the response to activation procedures, the influence of sleep on epileptiform abnormalities), associated with a clinically defined epileptic condition has significantly contributed to the introduction of the “electroclinical concept” of epilepsy syndrome. In this respect, the EEG has been a crucial and essential tool for the classification of seizures and epilepsies since the very first attempts of the ILAE on classification (Commission on Classification and Terminology of the ILAE, 1969) and the consolidation of the first (and last) ILAE classifications of 1981/1989 (Commission on Classification and Terminology of the ILAE 1981; 1989). In reestablishing the concept of electroclinical syndrome, the recent Report of the ILAE Commission on Classification and Terminology, 2005-2009 (Berg et al., 2010) has reaffirmed the role of the EEG to identify specific EEG features that permit a specific diagnosis.




  Although the terms “idiopathic”, “symptomatic” and “cryptogenic “ as well as the terms “generalized” and “focal” have been recently discouraged to classify epileptic syndromes (although these latters have been retained to classify epileptic seizures) (Report of the ILAE Commission on Classification and Terminology, 2005-2009, Berg et al., 2010) in this chapter we use these terms as defined in the 1989 ILAE Commission Proposal (Commission on Classification and Terminology of the ILAE, 1989). We'll briefly overview and discuss some EEG features that, when occurring together, can represent the “EEG trait” of some syndromic groups as defined by 1989 ILAE Proposal.




  EEG traits in idiopathic generalized epilepsies (IGE)




  The main EEG features, common to the different syndromes included in idiopathic generalized epilepsies (IGE) and that delineate the “EEG trait” of this group of epilepsies, are normal for age background activity and a variety of either interictal or ictal epileptiform generalized abnormalities. The generalized spike/polyspike-and-wave discharge is the cardinal element of the “EEG trait” characterizing IGE. This pattern is observed in IGE with onset in childhood or adolescence, but it can persist, almost unmodified, in IGE persisting in adult life (Gastaut et al., 1986; Panayiotopoulos et al., 1992; Michelucci et al., 1996; Michel et al., 2011). Moreover, it is observed in those forms of IGE in development, at the boundaries of the recognized IGE syndromes (such as, for instance, IGE with absences of early childhood and IGE with phantom absences) (Panayiotopoulos, 2005; Rubboli et al., 2009). Finally, the same EEG pattern has been also described in IGE with adult-onset, indistinguishable from the EEG features of IGE with classic childhood-adolescent onset, (Yeniun et al., 2003), suggesting that this EEG trait can be considered a biologic marker of IGE, with a genetic aetiology (Marini et al., 2003).




  The morphology of the “typical” 3 c/sec generalized spike and wave complex, as observed in childhood absence epilespsy, has been described in detail since Weir (1965). More or less typical 3 c/sec generalized spike-and-waves complexes have been described also in other childhood absence epilepsy related syndromes, such as epilepsy with perioral myoclonia and absences, as well as in juvenile absence epilepsy and juvenile myoclonic epilepsy, all encompassed in the group of IGE (Hirsch et al., see the chapter in this book). In addition, a quite typical 3 c/sec spike-and-wave complex has been reported in the syndrome of myoclonic absences (MAE ­ myoclonic absence epilepsy) (Tassinari et al., 1969; Bureau & Tassinari, see chapter 18). Myoclonic absences seizures are characterized by 3 c/sec generalized spike-and wave discharges with anterior predominance, associated with myoclonic jerks time-locked to the spike-wave complex, that involve the face and, mainly proximally, the upper limbs. According to 1989 Classification Proposal (Commission on Classification and Terminology of the ILAE, 1989), MAE is classified among the “generalized cryptogenic or symptomatic epilepsies”. Indeed, the prognosis of MAE may not be as favourable as in most of IGE. Bureau & Tassinari (2005) distinguished two forms of MAE, one with simple absences as the only seizure type associated with myoclonic absence seizures and with a benign prognosis, the other with associated numerous generalized tonic-clonic seizures and a poor prognosis. Tassinari et al. (1969; 1971), analyzing the morphology of the 3 c/sec spike-complex of MAE, pointed out that the positive transient, identified by Weir (1965) in between the spike component and the slow wave of the “typical” spike-wave complex, is particularly prominent in myoclonic absence seizures. Indeed, the positive transient and its amplitude appeared to be directly related to the appearance and amplitude of the myoclonic jerks that characterize myoclonic absences. The relationships between a cortical positive transient and myoclonic jerks has been described in other conditions, such as juvenile myoclonic epilepsy (Panzica et al., 2001), whereas a negative transient has been demonstrated to be related to “epileptic negative myoclonus” (Tassinari et al., 1998; 2010). Various types of myoclonic manifestations, involving face and neck muscles, associated with typical 3 c/sec spike-and wave discharges have been observed also in children presenting with childhood absence epilepsy, with excellent prognosis (Capovilla et al., 2001). Current evidences are insufficient to demonstrate whether the features of the spike-wave discharges of this group of CAE with overt myoclonic manifestations and those of the myoclonic absence seizures show significant differences. It can be hypothesized that MAE encompasses the EEG trait of IGE, however multiple additional factors, genetic and/or environmental, might contribute to modify the overall course of this syndrome, bearing, at variance with IGE, a variable and less favourable prognosis. Finally, commenting the relevance of the analysis of the spike-and-wave features, it's worth to note that historically the description of the morphology of the spike-wave complex was the basis of the distinction between “typical” “fast” spike-and ­ wave at 3 c/sec of “petit mal” absences and the slow spike-and-wave discharges that helped to define the “Petit Mal variant”, later on identified as Lennox-Gastaut syndrome (Gastaut et al., 1966)




  Brief bursts of generalized spike-wave discharges associated with normal background activity can be observed at the very initial stages of some forms of progressive myoclonus epilepsies, that are classified among the “symptomatic generalized epilepsies of specific etiologies” (Commission on Classification and Terminology of the ILAE, 1989). In Unverricht-Lundborg disease, at the onset when no neurological impairment is evident, the occurrence of generalized tonic-clonic or myoclonic seizures may lead to a misdiagnosis of IGE; in fact, initially the differential diagnosis from juvenile myoclonic epilepsy may be a puzzling issue. Similarly, Lafora disease and the recently described PME associated with SCARB2 mutations, at the onset may present EEG features reminiscent of the IGE trait (Tassinari et al., 1978; Rubboli et al., 2011). Indeed, at the onset of Lafora disease, “the EEG tracings display normal background activity, generalized fast spike-and-wave discharges, facilitated by intermittent photic stimulation, that are identical to those of primary generalized epilepsies” (Tassinari et al., 1978) (Figure 1a and b). These observations might suggest that, at least in some PMEs, clinical and EEG traits of IGE are incorporated in these complex disorders, recognizable at disease onset, then disappearing during the disease course because of the more or less severe progressive neurological impairment, the occurrence of other seizure types and the EEG deterioration, caused by the different pathophysiological mechanisms (i.e., genetic and/or metabolic) underlying PMEs.




  The generalized “EEG trait” requires evidence of “generalized” SW complexes, defined as a “generalized, bilateral, synchronous, symmetrical” discharge (Commission on Classification and Terminology of the ILAE, 1989). However, reports showing an asynchronous, asymmetric or regional, more often frontal, onset of the 3 c/sec generalized spike-wave discharges associated with childhood absences were first reported since a long time ago (Jewesbury & Parsonage, 1949), demonstrating inter-hemispheric differences of the onset of the spike-and-wave discharge of up to 20 ms (Ogden et al., 1956). A fronto-temporal spike-wave onset or predominance has been reported to occur in about 60% of the children with CAE and no relapse (Lombroso, 1997; Yoshinaga et al., 2004; Ma et al., 2011; Mariani et al., 2011). Accordingly, a focal or bilateral anterior onset has been noted in 16­60% of typical absences (Holmes et al., 1987). Such asymmetric onsets have been accepted within the concept of IGE, even in well recognized syndromes such as CAE, provided that the asymmetric/focal EEG onset was not consistent from one seizure to another, suggesting therefore an equipotentiality of the two hemispheres in triggering the spike-wave discharge. In analogy, on clinical grounds, the latest ILAE proposal admits that in generalized epileptic seizures “although individual seizure onsets can appear localized, the location and lateralization are not consistent from one seizure to another. Generalized seizure can be asymmetric” (Report of the ILAE Commission on Classification and Terminology, 2005-2009, Berg et al.,2010). On the other hand, arguments favoring the existence of a subset of “absence” seizures with a focal onset, based on asymmetric EEG onsets of the generalized spike and wave discharges and atypical clinical features, have been proposed (Lagae et al., 2001; Joci‘c-Jakubi et al., 2009). The role of the frontal lobe in generating typical absence seizures (that could explain the usually anteriorly predominant onset of the 3 c/sec spike and wave discharge) have been reviewed in the light of recent experimental evidences in animal models (Meeren et al., 2002) and further data in humans (Stefan & Snead 1997; Craiu et al., 2006), and following the contribution of new methods of investigation such as EEG­MEG correlations (Stefan et al., 2009; Amor et al., 2009; Westmijse et al., 2009; Sakurai et al., 2010), and EEG-functional MRI studies (Moeller et al., 2010).
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  The “Rolandic” EEG trait




  The “Rolandic” spike observed in benign epilepsy with centro-temporal spikes is a focal negative diphasic slow spike followed by a slow wave component distributed over the “Rolandic” centro-temporal regions (Dalla Bernardina et al., 2005; Panayiotopoulos et al., see chapter 15). This “Rolandic” EEG trait can be detected in other idiopathic focal epilepsies of childhood (Dalla Bernardina et al., 2005) as well as to common developmental disorders (speech dyspraxia, attention deficit hyperactivity disorders, developmental coordination disorders) (Echenne et al., 1992; Holtmann et al., 2003; Scabar et al., 2006). In addition, the “Rolandic” EEG trait has been described in subjects presenting fragile X syndrome, with and without epileptic seizures (Musumeci et al., 1988). Finally, Rolandic spikes have been reported in non-epileptic children, followed up until adolescence without appearance of seizures (Eeg-Olofsson et al., 1971; Cavazzuti et al., 1980; Danielsson & Petermann, 2009). Overall, these findings have suggested that the EEG “Rolandic” trait might be not specific to epilepsy, but it could possibly be a biologic marker for an underlying subtle but widespread abnormality of neurodevelopment. Genetic investigations have excluded that the Rolandic EEG trait is linked to the fragile X region (Rees et al., 1993). Recent data have shown that the EEG “Rolandic” trait maps to Elongator Protein Complex 4 (ELP4), a component of the elongator complex involved in transcription and tRNA modification, and whose depletion can result in altered actin cytoskeleton production, impaired cell motility and abnormal neuronal migration during development (Strug et al., 2009). Such mechanisms could explain the wide spectrum of developmental disorders associated with “Rolandic” spikes. Additional, presumably genetic, factors likely acting in combination with ELP4 locus have to be invoked to explain the occurrence of focal epileptic seizures.




  EEG features orienting to specific electro-clinical conditions




  A number of EEG features, when properly recognized, may be reminiscent of specific syndromic entities, therefore orienting the diagnosis.




  Hypsarrhythmia is the characteristic pattern associated with infantile spasms and West syndrome, although infants presenting with epileptic spasms without hypsarrhythmia have been described (Dulac & Tuxhorn, 2005; Fusco et al., see chapter 9). The suppression-burst EEG patterns (SBP), characterized by a succession of bursts of epileptiform abnormalities separated by episodes of flat or low-amplitude tracing is relatively common in neonatal encephalopaties, particularly when associated with seizures. SBP is the EEG hallmark of early infantile epileptic encephalopathy with suppression bursts or Ohtahara syndrome and of early neonatal myoclonic encephalopathy (Aicardi & Ohtahara, 2005; Mizrahi & Milh, see chapter 8). However, other etiologically heterogeneous conditions with SBP include neonatal hypoxic encephalopathy, structural brain damage and metabolic disorders, especially non-ketotic hyperglicinemia. Some variation in the presentation of SBP that might more specifically orient to a specific diagnosis (for instance, Ohtahara syndrome versus early myoclonic encephalopathy or versus neonatal seizures with serious brain damage) have been described (Yamamoto et al., 2011). In any case, the SBP bears per se a poor prognostic significance. Asymmetric and asynchronous abnormal EEG activity, in hypsarrhythmic or SBP tracings, either during wakefulness or sleep, are characteristic features of Aicardi syndrome.




  Angelman syndrome (AS) displays peculiar EEG characteristics such as high amplitude rhythmic 2­3 Hz activity predominantly over the frontal regions with superimposed interictal epileptiform discharges; in children under 12 years of age, high amplitude rhythmic 4­6 Hz activity with spikes, prominent in the occipital regions, that can be facilitated by eye closure, are often seen. There is no difference in EEG findings in AS patients with or without epileptic seizures. AS patients with a deletion of chromosome 15q11-13 have more prominent EEG abnormalities than patients with other genetic disturbances related to chromosome 15 region (Laan & Vein, 2005). These EEG findings are highly suggestive of AS when observed in the appropriate clinical context and can help to identify AS patients at an early age when genetic counselling may be particularly useful. Some of the AS EEG features can be observed also in 4p- syndrome (Sgrò et al., 1995) and Rett syndrome (RS). Interestingly, recent data showed genetic and phenotypic similarities in RS, AS and autism (Jedele, 2007), suggesting that overlapping molecular pathways might be disregulated in these disorders; in particular, the involvement of GABRB3 receptor subunit gene in the sharing of the epileptic/EEG phenotype in RT and AS has been postulated (Hogart et al., 2007).




  Miller-Dieker lissencephaly shows quite recognizable interictal EEG features represented by abnormal high-amplitude fast activities, mainly in the alpha and beta band, persisting on eyes opening, and not modified by sleep (Gastaut et al., 1987). Indeed, this EEG pattern is specific of Miller-Dieker lissencephaly when it is observed before the age of one year.




  An abnormal EEG pattern characterized by long bursts or trains of rhythmic theta waves, sharply contoured or with a notched morphology has been described in the ring chromosome 20 syndrome (Inoue et al., 1997; Canevini et al., 1998). This EEG pattern associated with a clinical picture of recurrent non convulsive status, atypical absences or other seizure types, and mild to moderate mental retardation can suggest the correct diagnosis.




  Extreme activation of epileptiform abnormalities during slow sleep is one of the main diagnostic criteria suggestive of encephalopathy with status epilepticus during sleep (ESES) (see Tassinari et al., chapter 16). Clinically, ESES is associated with epilepsy with different seizure types and with neuropsychological impairment with various degrees of cognitive regression, including acquired aphasia (i.e., Landau-Kleffner syndrome). Importantly, the huge increment of EEG epileptiform abnormalities during sleep is postulated to be directly implicated in the cognitive impairment that occurs in ESES syndromes, by altering the processes of learning and memory consolidation that take place during normal sleep in infancy and childhood (Tassinari & Rubboli, 2006; Tassinari et al., 2009; Tassinari et al., this book). These interferences in sleep-related plastic brain processes underlying normal cognitive development might also occur in other conditions with extreme activation of epileptiform abnormalities during sleep, such as for instance benign partial epilepsy of childhood (Cantalupo et al., 2011; Urbain et al., 2011). In this respect, the status epilepticus during sleep might be the common EEG trait of different clinical conditions characterized by abnormal increment of epileptiform EEG activities during sleep and concomitant appearance of neuropsychological derangement.




  In eyelids myoclonia with absences or Jeavons syndrome (Jeavons, 1977), the eyelids myoclonia, appearing as an eyelid flutter following eye closure are associated with EEG high-amplitude generalized polyspikes or polyspike-waves, often followed by brief discharges (3­6 seconds or less) or rhythmic spike- or polyspike-wave complexes at 3 or more c/sec. These epileptiform activities are triggered by active eye-closure (and not eyeblink), and occur right after closing the eyes (Striano et al., 2009). With age, absence seizures and photosensitivity usually decline, whereas the eyelids myoclonia may persist, associated with short runs of EEG polyspike/polyspike-wave complexes.




  Isolated or brief runs of fast spikes in the vertex regions, spreading bilaterally to central regions, during REM sleep have been reported in various conditions characterized by action myoclonus, such as Lance-Adams syndrome (Tassinari et al., 1973), Lafora disease (Tassinari et al., 1978) Unverricht-Lundborg disease (previously labelled as Ramsay-Hunt syndrome; Tassinari et al., 1974), MERRF (Roger et al., 1991); PME associated with SCARB2 mutations (Rubboli et al., 2011). In addition, also the polygraphic features of action myoclonus in these different forms are strikingly similar (Tassinari et al., 1995, see fig.14). From the pathophysiological point of view, a finding common to some of these conditions is an abnormal hyperexcitability of the motor cortex due to reduced GABA-mediated intracortical inhibition (Valzania et al., 1999; Badawy et al., 2010).




  The occurrence of brief focal fast rhythimic EEG discharges is suggestive of an underlying focal cortical dysplasia (Gambardella et al., 1996); indeed, this EEG finding is highly specific of this type of lesion, and usually it corresponds topographically to the epileptogenic area, thus it may be helpful to orient the MRI investigation.




  Conclusions




  In modern epileptology, EEG can still provide information of paramount importance either for a correct syndromic diagnosis or for assessing the clinical relevance (ictal? interictal? subclinical?) of paroxysmal EEG discharges (particularly when EEG is coupled with additional recording parameters such as polygraphic channels). In the era of genetics and neuroimaging, a detailed EEG characterization of a given epileptic condition can contribute to a more precise phenotyping that can be undoubtely useful to perform genetic investigations, as well as it can reveal specific EEG epileptiform patterns and their topography (for instance, fast rhythmic discharges associated with focal cortical dysplasias) that can be helpful to carry out an adequate MRI study.




  In the future, the more and more widespread application of new digitized techniques of EEG collection and analysis (such as dense array recordings, source analysis of EEG generators, computerized processing of EEG and polygraphic signals, analysis of high frequencies EEG activities ­ ripples and fast ripples ­) will hopefully provide a new wealth of information relevant for pathophysiological speculations as well as for diagnostic and classification purposes.
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  The term syndrome is often used for a group of clinical entities, consistently identified by clinical/behavioral and electroencephalographic features (Berg et al., 2010). Many of these syndromes occur early in life, often with devastating effects. The age-dependent specificity may reflect a combination of events: (1) the increased susceptibility to seizures of the developing brain as it relates to the maturation of neuronal communication and glia (Moshé et al., 1995); (2) genetic factors that may first be expressed during early development; and (3) epigenetic influences that are more likely to occur early in life (trauma, asphyxia, infections, etc.). To understand the pathophysiology of these developmental syndromes, it is important to have relevant models. In this chapter we describe several models of specific syndromes depicted in Table I. In addition, we are discussing models designed to address epigenetic influences to subsequent seizures and epilepsies (Table II). Finally, we include a section on developmental models of temporal lobe epilepsy (TLE), a condition that may occur at any ages with variable consequences.
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  Syndromes observed in the neonatal period




  ¦ Benign familial neonatal epilepsy (BFNE)




  Benign familial neonatal convulsions is an autosomal dominant epilepsy. Two voltage-dependent potassium channel genes, KCNQ2 and KCNQ3, have been identified as being responsible for BFNE. After disruption of the KCNQ2 gene, homozygous pups (KCNQ2 -/-) die within a few hours after birth because of pulmonary atelectasis. Heterozygous mice show decreased expression of KCNQ2 and decreased threshold to pentylentetrazol (PTZ)-induced seizures (Watanabe et al., 2000).




  ¦ Early infantile encephalopathy with suppression-burst: Ohtahara syndrome




  Early infantile epileptic encephalopathy with suppression-burst (EIEE), also known as Ohtahara syndrome, is one of the most severe and earliest forms of epilepsy. Recently, a de novo 2.0-Mb microdeletion at 9q33.3­q34.11 was found in a girl with EIEE. Mutation analysis of candidate genes revealed that four unrelated individuals with EIEE had heterozygous missense mutations in the gene encoding syntaxin binding protein 1 (STXBP1) (Shaitsu et al., 2008). More recently a de novo mutation in STXBP1 has been identified in individuals with mental retardation and non syndromic epilepsy (Hamdan et al., 2009).




  STXBP1 (also known as MUNC18-1) is an evolutionally conserved neuronal protein expressed throughout the brain. It regulates cell polarization and focal secretion at synapses. Abolishing munc18-1 expression in mice by homologous recombination results in complete loss of neurotransmitter secretion from synaptic vesicles throughout development in mice, though seizures have never been described (Verhage et al., 2000).




  Syndromes observed in infancy




  • Epilepsy of infancy with migrating partial seizures.




  • West syndrome.




  • Myoclonic epilepsy in infancy (MEI).




  • Benign infantile epilepsy.




  • Benign familial infantile epilepsy.




  • Dravet syndrome (SMEI).




  • Myoclonic encephalopathy in non progressive disorders.




  ¦ Animal models of West syndrome (infantile spasms)




  West syndrome (WS) or infantile spasms (IS) is an early childhood encephalopathy usually characterized by a triad: infantile spasms, arrest of psychomotor development and hypsarrhythmia on the EEG. The syndrome usually begins in the first year of life, commonly between 3 and 10 months and can have different etiologies (Dulac et al., 2002). Most AEDs are ineffective, and the spasms may respond to ACTH and vigabatrin. The outcome is usually poor because of the progression to other seizure types, and abnormal cognitive and neurological development. The pathophysiology is still unknown and the absence of animal model to study this peculiar syndrome has been a limit for years. Recently several promising animal models have been described (Stafstrom, 2009).




  Down syndrome model: the Ts65Dn mouse




  Infantile spasms occur in up to 10% of children affected by Down syndrome (Stafstrom & Konkol, 1994). The Ts65Dn mouse is a model overexpressing GABAB receptors and exhibiting spontaneous spike-and-wave discharges (SWDs) (Galdzicki & Siarey, 2003; Rachidi & Lopes, 2008). The administration of baclofen or γ-butyrolactone (the prodrug of the GABAB agonist γ-hydroxybutyrate) causes clusters of extensor spasms observed when the animal is suspended. The spasms decrease with ACTH, valproate and vigabatrin (Cortez et al., 2009). This model suggests the involvement of the GABAB receptors in the genesis of the infantile spasms at least in Down syndrome. Seizures do not occur spontaneously or chronically.




  Aristaless-related-homeobox mutation model




  The X-linked Aristaless-related homeobox (ARX) gene encodes for a transcription factor involved in CNS development. Mutations of this gene can be associated with mental retardation, epilepsy, and infantile spasms (Hirose & Mitsudome, 2003). ARX knockout (KO) mice show deficient proliferation of GABA interneurons that may underlie the epilepsy phenotype (Kitamura et al., 2002). A conditional deletion of ARX from cortical inhibitory interneurons constitutes a new model exhibiting various seizure types during development, including spasm-like seizures (Marsh et al., 2009). The EEG shows interictal spikes and ictal electrodecremental response. While the gene is X-linked, with males showing a more severe phenotype, female carriers also exhibit seizures and cognitive changes. This model is also appropriate for studying sex differences in the susceptibility to epilepsy. It is still not clear whether the cognitive and behavioral abnormalities observed in ARX-deficient mice are the result of the seizures or the mutation.




  A model of IS based on the triplet repeat expansion of the ARX gene




  Recently a non lethal genetic mouse model of IS was engineered by targeted expansion of the first polyalanine tract in the X-linked ARX gene [ARX(GCG)] (Price et al., 2009). This polyalanine tract expansion is the mutation most commonly associated with West syndrome and mental retardation in human IS patients (Poirier et al., 2008). Null mutation of the ARX gene impairs GABA and cholinergic interneuronal migration but results in a neonatal lethal phenotype. The mutants also display focal myoclonic twitches and generalized startles plus sustained spasm-like movements strong enough to cause the pup to flip or fall over. In pups younger than 21 days a high-voltage slow wave transient is followed by attenuation of the background EEG amplitude and transient increase of higher frequency activity. This corresponds to a brief myoclonic jerk involving the head and body at the onset of the attenuation event. Other patterns include high-amplitude multifocal cortical spikes and sharp waves, high-voltage slow waves associated with a spike occurring independently over both hemispheres. There is no obvious motor behavior linked to these discharges.




  Mice older than 3.5 weeks show spontaneous electrographic seizures characterized by generalized attenuation of background activity and low-voltage fast activity, followed by generalized high frequency and high-amplitude spike and polyspike activity. This activity corresponds to versive movements of the head and/or trunk, clonic movements and grooming suggestive of limbic seizures. ARX mutants show reduced anxiety, impaired associative learning, and abnormal social interaction. A laminar decrease of ARX+ interneurons of the cortex and selective reduction of calbindin-positive interneurons in neocortex and hippocampus indicate that specific synaptic inhibition is missing from the adult forebrain, providing a basis for the seizures and cognitive disorder (Price et al., 2009).




  Tetrodotoxin model




  Intrahippocampal infusion of the sodium channel blocker, tetrodotoxin (TTX), from PN10 to PN12, causes recurrent seizures in rat pups, consisting of brief spasm-like seizures (Galvan et al., 2000, 2003) associated with fast activity on the EEG. When TTX is delivered for 28 days with an osmotic micropump, at about PN21 one third of the pups develop flexor or extensor spasms singly or in cluster. The interictal EEG pattern shows high voltage, chaotic waves and multispikes, especially during non-REM sleep. The ictal EEG includes a generalized slow-wave, followed by electrodecremental response, low-voltage fast activity. These ictal and interictal features closely resemble the human IS EEG. EEG abnormalities persist after the pump removal. After disappearance of the spasms, limbic seizures appear.




  Multiple-hit model




  Based on the hypothesis that IS result from an interaction between cortical, subcortical and brainstem pathologies (Lado & Moshe, 2002), a multiple hit model of symptomatic IS has been developed (Scantlebury et al., 2010). This model consists of three drug injections: on PN3 doxorubicin is injected into the cerebral ventricles and lipopolysaccharide (LPS) is injected in the right cerebral cortex. Doxorubicin is an anthracycline chemiotherapeutic agent that creates neuronal damage via oxidative stress (Chen et al., 2007). LPS is a toxin released by Gram-negative bacteria which damages white matter and activates inflammatory cells (Wang et al., 2006). Then, on PN5, p-chlorophenylalanine is administered IP to deplete serotonin level by blocking its synthetic enzyme, tryptophan hydroxylase (Sharma et al., 2000) since serotonin lessens brain excitability (Trindade-Filho et al., 2008). Animals treated with the three drugs develop clusters of flexor or extensor spasms from PN4 to PN12. In depth recordings the electrodecremental pattern is correlated to each spasm episode. Spike and sharp wave discharges and fast rhythmic activities can also be associated to the spasms. However about half of the behavioral spasms either do not have clear EEG expression or are associated with artefacts. Interictally, frequent spikes or complexes of high amplitude spike and slow wave discharges are observed in PN7-13 pups.




  After the spasms resolve other seizures occur, namely limbic seizures. ACTH (1.25 U/kg/day, i.p.) is not effective in treating the spasms. These rats exhibit neurodevelopmental deficits such as memory and learning impairment, socialization deficits, including decreased exploration, indifference to other rats and excessive grooming (Scantlebury et al., 2010). These features have been related to autism often found in patients suffering from IS (Tuchman et al., 2009). A limitation of the model is the significant mortality (up to 53% during the period of the spasms) but also 5­30% of the children with IS die from which 50% are disease-related (Dulac & Jallon, 1997).




  Corticotropin-releasing hormone (CRH)




  Based on the knowledge that ACTH can be effective in IS, it has been hypothesized that stress plays a role in increasing brain excitability and provoking IS. Since stress releases the CRH, this hormone was injected to rats, i.p. or i.c.v. during the second week of life. The rats show severe seizures that phenotypically are limbic seizures rather than IS (Baram & Schultz, 1995). Acute ACTH administration does not stop these seizures. Ictal EEG during CRH seizures can be either electrodecremental responses or rhythmic sharp activity, while the interictal EEG is like hypsarrhythmia (Baram & Schultz, 1991).




  NMDA model after in utero treatment with betamethasone




  I.P. administration of the glutamate receptor agonist NMDA to rat pups between PN12 and 18 causes hyperflection and tonic spasms of the whole body, with loss of the righting reflex. These seizures are called emprosthotonus (Mares & Velisek, 1992). Recently this model has included the administration of betamethasone on gestational day (GD) 15 mimicking a stressor for the hypothalamus-pituitary-adrenal (HPA) axis to sensitize the brain to postnatal exposure to NMDA (Mares & Velisek, 1992; Welberg et al., 2001; Chachua et al., 2011). The prenatally exposed rats are then injected with NMDA starting on PN15 which leads after a short latency to tail twisting and then flexor spasms. ACTH increases the latency to these seizures when given prior to NMDA. The spasms respond well to vigabatrin (Chachua et al., 2011). The limitation of this model is that seizures do not occur without NMDA administration.




  Dravet syndrome




  Heterozygous loss-of-function mutations in voltage-gated sodium channels (Na(V)1.1) cause SMEI. A knock-out mouse for SCN1A, the gene encoding for this channel has been developed. 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 deaths 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 s (Yu et al., 2006). This model seems to be very promising for the development of new therapeutic strategies to successfully treat Dravet syndrome.




  Syndromes observed in childhood and adolescence




  • Lennox-Gastaut syndrome (LGS).




  • Childhood absence epilepsy (CAE).




  • Rasmussen syndrome (RS).




  • Progressive myoclonus epilepsies.




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




  AY-9944 is a compound able to inhibit the reduction of 7-dehydrocholesterol to cholesterol (Cenedella et al., 1980). Its regular administration to rat pups at PN2, 6, 8, 14 and 20 leads to absence-like seizures that persist into adulthood. Seizures start at PN21 (Cortez et al., 2001), and are associated with abnormal cognitive outcome. The onset and offset of the seizures is gradual and the animals maintain their ability to move purposefully as children with atypical absences. Antiabsence drugs such as valproate and ethosuximide reduce while phenytoin and GABA agonists exacerbate the frequency of the seizures (Cortez et al., 2001).




  In the MAM-AY model, the antimitotic agent methylazoxymethanol (MAM) is administered on GD15 leading to neuronal migration disorders. Then pups are injected with AY-9944 at the ages mentioned above. The rats show spontaneous, recurrent, atypical absence seizures characterized by bilaterally synchronous slow 4­6 Hz SWDs. The seizures are refractory to ethosuximide and valproate, creating a model of refractory atypical absence seizures that might occur in children with brain dysgenesis (Serbanescu et al., 2004).




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




  Two models of spontaneous occurrence of SWDs evocative of absence seizures in untreated rats have been described: the genetic absence epilepsy rats from Strasbourg (GAERS) and the Wistar albino Glaxo strain that was inbred in the United Kingdom and kept in Rijswijk (WAG/Rij). The GAERS strain was selected from Wistar colonies that displayed spontaneous SWDs on routine cortical EEG. Breeding selected pairs for three or four generations producing a strain with 100% of rats displaying SWDs (Vergnes et al., 1982). At the same time, it was discovered in Nijmegen that the fully inbred WAG/Rij strain of rats showed SWDs in their cortical EEG (van Luijtelaar & Coenen, 1986).




  In both strains SWDs (7­11 cps, 300­1,000 μV, 0.5­7.5 s) 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 the epileptic episodes these rats show a normal behavior including feeding, exploration, social interaction, and learning. SWDs are recorded 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 they 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) and worsened by carbamazepine and phenytoin that aggravate human symptoms (Danober et al., 1998; Depaulis & van Luijtelaar, 2006). They also represent excellent predictive models of the response of the disease to new drugs in humans. Most neurotransmitters are involved in the control of SWDs but GABA and γ-hydroxybutyrate seem to play a critical role. The main difference between the two models and human features is the ontogenetic development. In GAERS, the first SWDs are detected by about 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). SWDs in GAERS and WAG/Rij are genetically determined by autosomal dominant inheritance (Marescaux et al., 1992; Peeters et al., 1992) of polygenic origin (Gaugier et al., 2004; Rudolf et al., 2004). No overt morphological modification was observed in the models. An increase of glial fibrillary acidic protein (GFAP) expression was recorded in the cortex and thalamus of adult and young GAERS, suggesting that reactive astrocytes are present before the onset of absences (Dutuit et al., 2000).




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




  In mice as in rats, spontaneous mutants were found that display SWDs and absence epilepsy features. Some of those (for review see Noebels, 2006) 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 b1. In these models, multiple abnormalities in network synchronization and excitability were found (Noebels, 2006). At least, three transgenic models with mice exhibiting SWDs have been engineered, one with the deletion of the pacemaker channel HCN2 (Ludwig et al., 2003) and one with the deletion alpha 1G T-type calcium channel (Song et al., 2004). Recently, a knock-in mouse for the GABAA receptor γ2 subunit point mutation (R43Q) has been built based on a mutation found in an Australian family affected by CAE. Homozygous mice die before PN18. Heterozygous mice exhibit behavioral arrest associated with 6­7 Hz SWDs that appear with an abrupt onset at PN20 which correspond to human childhood. These EEG abnormalities are suppressed by ethosuximide rendering this model useful as a model of CAE (Tan et al., 2007).




  In humans, a genetic component in the etiology of absence epilepsy is well established but the genes underlying the inheritance of the disease are still not identified. 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 (Chen et al., 2003; Chioza et al., 2006; Liang et al., 2006, 2007) have been associated with CAE. Variants in CACNA1H are not sufficient by themselves to cause epilepsy (Heron et al., 2007). The genes coding for voltage-gated calcium channels, including CACNG3 (Robinson et al., 2002; Everett et al., 2007a) and the chloride channel gene CLCN2 (Everett et al., 2007b) may also be susceptibility loci in some cases of absence epilepsy. For detailed review of genes responsible for human epilepsies and comparisons with rodent mutants see Meisler et al. (2001). Recently, a homozygous, missense, single nucleotide mutation in CACNA1H was described in GAERS. This mutation segregates with the number of seizures 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).




  ¦ Rasmussen's encephalitis




  Rasmussen encephalitis (RE) is a neurological condition characterized by refractory epilepsy that usually begins in the first decade of life leading to progressive degeneration of one cerebral hemisphere. The progressively worsening unilateral seizures are accompanied by evolutive atrophy of the hemisphere and neurological symptoms. The etiology and pathogenesis are incompletely understood. However 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 were found to have 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 (Andrews & McNamara, 1996; Antozzi et al., 1998; Rogers et al., 1994).




  In this model repeated subcutaneous injections of a GluR3 protein linked to glutathione-S-transferase (GST) are given to white New Zealand male rabbits (He et al., 1998). Two weeks after the second immunization, 2/5 animals develop motor incoordination with ambulating and epileptic seizures (repetitive tonic or clonic movements of the four paws). Subsequently animals develop persistent obtundation and failure to thrive with weight loss. Immunization of rabbits with other GluRs and 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 human pathology they occur 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 regard the cost for purchasing and maintaining of rabbits and the lack of reagents for this species.




  Progressive myoclonus epilepsy type1 (EPM1)




  The PMEs are diseases characterized by tonic-clonic seizures, myocloni and progressive neurological dysfunction, including dementia and ataxia (Berkovic et al., 1986). The five major PME types are myoclonic epilepsy and ragged-red fiber disease (MERRF), Unverricht-Lundborg disease (EPM1), the neuronal ceroid lipofuscinoses (NCLs), sialidosis, and Lafora disease (EPM2).




  EPM1 is an autosomal recessive inherited disorder due to a mutation in a gene that encodes for cystatin B (CstB) which is a cysteine protease inhibitor. Symptoms start around 6­15 years and are characterized by myoclonic and tonic-clonic seizures. A mouse model of EPM1 was developed by knocking out the Cystatin B gene. 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. The phenotype resulting from the loss of Cstb provides parallels to the human disease resulting from the same genetic lesion. However, mutant mice do not develop tonic-clonic seizures, show no photosensitivity, display seizures with myoclonus only during sleep and the spike-wave complexes reported in patients have not been observed in the mutant model. 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).




  Models designed to mimic epigenetic influences that may lead to epilepsy with a special emphasis on temporal lobe epilepsy




  ¦ Cortical malformations




  Cortical malformations in rodents are usually induced by the injection of toxic compounds crossing the placental barrier, irradiation of the pregnant dam during the gestational period, a freeze, excitotoxic or undercut lesion in the neonatal rat (Schwartzkroin et al., 2004).




  The methylazoxymethanol acetate model




  Compounds inhibiting DNA synthesis can lead to neuronal death and thus to cerebral malformations when used during embryonic development. The most widely used model is induced by the administration of MAM. MAM does not affect gestational parameters and is not teratogenic outside of the CNS. It kills neuroepithelial cells only in the active S phase state of division during a narrow time window, sparing postmitotic neurons or neuroblasts in the G0 phase during the 2­24 h after administration; hence it is possible to target specific brain cell populations. MAM exposure also leads to disturbances in angiogenesis and contributes to general cerebrovascular dysfunction (Bassanini et al., 2007).




  The injection on embryonic day (E) 14 induces a reduction in thickness of all cortical layers while treatments on E15 and E16 selectively suppress layers II-IV and spare layers V-VI (Ashwell, 1987). Later, either one or two injections, 12 hours apart were given on E15. This leads to severe cortical hypoplasia and layering abnormalities with a clear rostro-caudal and mediolateral gradient (for review see Battaglia & Bassanini, 2006). This means that heterotopias were formed by neurons originally migrating to cortical layers and ending in an abnormal cortico-subcortical circuit involving hippocampus and cortex. MAM-treated rats display anatomical and functional features reminiscent of those found in humans with cortical malformations, i.e. abnormally located vessels, fusiform neurons at the margin of heterotopias, dense GABA immunoreactivity in the neuropil. A large fraction of heterotopic neurons are prone to abnormal burst firing (Chevassus-au-Louis, 1998; Colacitti et al., 1999), and heterotopic neurons are hyperexcitable (for review see Battaglia & Bassanini, 2006). These characteristics mimic quite well those reported in human periventricular nodular heterotopia (Battaglia et al., 1996, 1997) for which MAM treatment represents a useful model.




  Rats subjected to MAM do not develop spontaneous seizures. However, immature offspring of MAM-treated dams are more susceptible to seizures induced by hyperthermia at PN14 (Germano et al., 1996b), bicuculline or kainate at PN15 (de Feo et al., 1995). Adult offspring of MAM-treated dams have a lower threshold to kainate- (Germano et al., 1996a), kindling- (Chevassus-au-Louis, 1998; Germano et al., 1998), PTZ- (Chevassus-au-Louis, 1998), or flurothyl-induced seizures than controls (Baraban & Schwartzkroin, 1996). Furthermore, these seizures induce neuronal damage never seen in control animals of the same age (Germano et al., 1996a, 1996b, 1998). Subcortical and intracortical heterotopias show hyperexcitability. The neurons show excessive and long lasting repetitive bursts of action potentials in response to low amplitude depolarizing current pulses, until reaching long lasting trains of high frequency action potentials outlasting the pulse duration (Colacitti et al., 1999).




  In utero gamma irradiation




  In utero gamma irradiation is also currently used as a model of cortical dysplasia. Irradiation at E12 produces a thin cortex with almost normal lamination. Irradiation at E16 generates the most severe dysplasia with markedly thinned cortex and heterotopic gray matter. Irradiation at E17 affects only neurons and interneurons from the intermediate plate (II, III and IV) since all others have reached the cortical plate (Cowen & Geller, 1960). At this age, irradiation leads to microcephaly, diffuse cortical dysplasia, heterotopic neurons in hippocampus and agenesis or hypoplysia of the corpus callosum. This model most closely mimics “acquired cortical dysplasia” in humans (Marin-Padilla, 1999). The thickness of the affected cortex is reduced about two-fold compared to control rats (Marin-Padilla et al., 2003). The most severely affected part is the dorsomedial cortex that has lost all recognizable lamination (Lin & Roper, 2006) while relatively normal lamination of the lateral cortex near the rhinal sulcus is preserved. The GABAergic system has a reduced capacity to recover (Deukmedjian et al., 2004) and parvalbulmin- and calbindin-positive interneurons are reduced by about 50% (Roper, 1998). At moderate intensity of irradiation but not at low or high intensity, rats develop spontaneous seizures. They consist of staring, behavioral arrest, facial twitching, wet dog shakes, loss of postural reflexes, and asymmetrical fore- and hindlimb clonus; seizures start in hippocampus, with possible secondary generalization (Kellinghaus et al., 2004; Kondo et al., 2001). The treatment window for producing spontaneous seizures is narrow, they were not obtained by all groups; too extended damage impairs their occurrence (for review see Lin & Roper, 2006). In this model, sedating agents like acepromazine and xylazine paradoxically increased propensity for seizures (Roper et al., 1995) possibly related to impaired inhibitory synaptic transmission (Zhu et al., 2000). Irradiation most closely models the sporadic acquired CD.




  Neocortical freeze lesion




  The neocortical freeze lesion in the newborn rodent (PN1-4) induces a three- or four-layered cortex, microgyria, focal heterotopia in layer I, or a cortical cleft (schizencephaly). The epileptogenic area is not located at the exact site of the lesion but rather in a small region surrounding the microgyrus (Jacobs et al., 1996, 1999; Luhman & Raabe, 1996; Scantlebury et al., 2004). The epileptiform activity propagates over large distances in areas with normal histology but with alterations in GABAergic and glutamatergic receptors (Redecker et al., 2000; Zilles et al., 1998) as in human cortical dysplasia (Palmini et al., 1995). Cortical migration disorders can be generated only during the period of cortical migration, up to PN4. The best reproducible data are obtained when the lesion is performed over the first 24 h of life (for review see Luhman, 2006). In this model no spontaneous epileptiform activity can be recorded, but the susceptibility to hyperthermia-induced seizures is higher (Scantlebury et al., 2004). Brain metabolism in adult rats subjected to neonatal freeze lesions is decreased up to 1 mm from the microgyrus but normal in remote cortical areas (Kraemer et al., 2001). The binding of glutamate receptor agonists (AMPA and kainate) is increased and that of GABAA receptor agonists decreased in the dysplastic cortex and remote areas (Zilles et al., 1998). Even if this model does not show spontaneous seizures, it is a useful, very reproducible with low mortality model to study the pathophysiology of malformations due to abnormal cortical development.




  Ibotenate injection




  The injection of ibotenate in the cortex of the neonatal rat was also used to induce neural depopulation, mainly in cortical layers V and VI, ectopic cells in superficial layers, and aberrant sulcus formation (microgyria) (Marret et al., 1995; Redecker et al., 1998a). Other neurons are normally organized. As in the freeze lesion model, there is widespread hyperexcitability in response to stimulation both in the dysplastic and cortical regions around the dysplastic zone. Glucose metabolism was only increased in layer I of the area of structural abnormality while no hypometabolism, typical of human dysplastic lesions was observed (Redecker et al., 1998b). These rats do not develop spontaneous seizures.




  The main problem with these four models of cortical dysplasia is that none of them replicates some specific features of the human disease. In particular, they do not produce balloon cells characteristic of tuberous sclerosis and Taylor's type cortical dysplasia. Giant neurons are also rare. In addition, in most models, there are no spontaneous seizures.




  Genetic models of cortical malformations




  Among the numerous genetic models of epilepsy only a few have been studied as models of developmental epilepsies. Several spontaneous mutations induce cortical malformations and seizures in rats. Genetic manipulations, knocking out specific genes, have also led to similar pathologies in mice.




  The flathead rat is a spontaneous mutant from a Wistar colony characterized by marked neurologic impairment, frequent seizures and premature death (Sarkisian et al., 1999). It is an autosomal recessive mutation in the Citron kinase gene (CitK) (Sarkisian et al., 2002) and hence 25% of the offspring from heterozygous rats will show the mutant phenotype. These rats suffer from microcephaly, abnormal cell death, neuronal and glial cytomegaly, GABAergic interneuron loss similar to human dysplasia, and neurogenic cytokinesis failure (LoTurco et al., 2003; Roberts et al., 2000). Generalized tonic-clonic seizures start during the second postnatal week. Homozygous mutants display generalized seizures with resting tremor, severe ataxia, dystonia, atonia and astatic episodes (Sarkisian et al., 1999). The phenotype is lethal by 3 weeks. This model is a valuable resource to explore cellular changes associated with seizure progression because seizures occur regularly, with early onset and the phenotype differs in homozygous and heterozygous rats.




  The Tish mutant rat is spontaneous mutant from a colony of Sprague-Dawley rats. It is a completely penetrant not lethal autosomal recessive mutation (Lee et al., 1997). This rat is characterized by the presence of well-developed bilateral subcortical band non-laminated heterotopias of variable size, typically extending from frontal to occipital cortices. Homozygous mutants develop seizures from 1 to at least 6 months (Ramos, 2006). The identification of the gene mutation leading to the disorder could help in the study of human double cortex cases that are not caused by the X-linked DCX or LIS1 mutations (D'Agostino et al., 2002; Pilz et al., 1998).




  The OTX1-/- mouse displays microcephaly, namely a 25% reduction of neocortical thickness. The reduction in neuronal density ranges from 4­35%. Subsets of cortical layer V neurons are missing thus disturbing the appropriate cortical output to subcortical areas (Acampora et al., 1996; Weiman et al., 1999). There is also a marked decrease in the number of interneurons (Cipelletti et al., 2002). The pattern is similar to, but less severe than in the flathead rat. All homozygous KO mice display generalized tonic-clonic seizures and 30% die over the first month of life. There is no corresponding human disorder associated with mutations of the OTX1 gene (Ramos, 2006).




  The p35-/- mouse suffers from migration disorders in the cortex, dysplasia in hippocampus accompanied by spontaneous seizures in some animals and reduced threshold to convulsants (Pringle et al., 1997; Wenzel et al., 2001). About 75% of mice develop seizures by 3­5 months with 25% of the tonic-clonic type. Sprouting of dentate granule cells is present and the granule cell layer is more diffuse than in the wild type. This model is a mixture of migration disorder and temporal lobe features and the axonal sprouting results in recurrent feedback excitation that may create hyperexcitable pathways in hippocampus (Patel et al., 2004).




  Tuberous sclerosis




  Tuberous sclerosis complex (TSC) is caused by the mutation of the TSC1 (tuberin) or TSC2 (hamartin) gene and is characterized by tumors or hamartomas in multiple organs including the brain. This mutation leads to intractable seizures, autism and mental retardation (Crino et al., 2006). Mice homozygous for Tsc1 or Tsc2 targeted mutations die by mid-embryogenesis. Thus, mice with astrocyte-specific inactivation of Tsc1 were generated (Uhlmann et al., 2002). They are phenotypically normal at birth but begin to die by 3 months. By about 2 months behavioral seizures appear consisting of brief periods of tonic stiffening of the trunk or extremities without loss of posture followed by rhythmic bouncing of head and trunk with forelimb clonus. Occasionally, other seizures occur characterized by behavioral arrest, wild running, or severe tonic posturing with loss of upright posture. Most seizures start simultaneously in both hemispheres and the interictal EEG background is usually showing a burst-suppression pattern with frequent spikes. There is an overall increase in brain size, increased GFAP-positive cells, enlarged hippocampi and aberrant pyramidal neurons (Uhlmann et al., 2002; Meikle et al., 2007). Early treatment with rapamycin that inhibits the m-TOR pathway prevents the development of epilepsy and premature death. Late treatment with rapamycin suppresses seizures and prolongs survival in mice with epilepsy. Rapamycin also inhibits astrogliosis, neuronal disorganization, and increase in brain size (Zheng et al., 2008).




  The Eker rat is a model for tuberous sclerosis caused by a mutation in the Tsc2 gene. However rats do not develop tubers or spontaneous seizures (Tschuluun et al., 2007), but display increased responses to chemical kindling (Waltereit et al., 2006) and increased paired-pulse inhibition at hippocampal synapses (von der Brelie et al., 2006).




  ¦ Hypoxia-induced seizures




  Neonatal seizures occurring during hypoxic encephalopathy are usually prolonged and refractory to conventional antiepileptic drug therapy. A rodent 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 brief tonic-clonic seizures become progressively longer. They can occur up to 4 days after the hypoxic episode. The EEG shows fast spike activity that starts at low amplitude and the EEG is isoelectric in adulthood (PN50). There is no overt cell loss or gliosis. These seizures are blocked by systemic administration of the AMPA receptor antagonist, NBQX. They do not respond to NMDA receptor antagonists, GABA receptor agonists or phenytoin.




  Rats that experienced hypoxia induced seizures at PN10 show a long term increase in susceptibility to seizures induced by PTZ, flurothyl or kainate (Jensen et al., 1992). Pretreatment with NBQX or topiramate reduces the number of seizures during hypoxia and prevents the long term increases in seizure susceptibility (Koh & Jensen, 2001). This model is easy to develop and mortality is extremely low (Jensen et al., 1991).




  ¦ Complex febrile seizures




  Febrile seizures (FS) are commonly affecting about 3­5% of infants and young children (Verity et al., 1985; Shinnar et al., 1990; see also chapter 13).




  This type of seizures is mostly prevalent in the first years of life and their occurrence dramatically decreases with age (Fishman, 1979). As a model of human FS in the rat, induction of hyperthermia associated with seizures is commonly used. The susceptibility to hyperthermia-induced seizures is age-dependent. The highest sensitivity is recorded between PN10 and PN13 and susceptibility decreases between PN15 and PN17 (Baram et al., 1997; Hjeresen & Diaz, 1988; Morimoto et al., 1990). This stage of cerebral maturity in the rat corresponds to the period of high sensitivity to fever-induced seizures in human infants (Alling, 1985; Dobbing & Sands, 1979; Romijn et al., 1991). The various animal models for FS have been reviewed in details recently (Veliskova et al., 2009).




  The model in which the characteristics and consequences of FS have been best characterized is the one developed by Baram et al. (1997). This model uses PN7-14 rat pups. The induction of seizures is obtained with hyperthermia as fever is very difficult to induce in young pups. Core and brain temperature is slowly increased by a stream of heated air 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 (Dubé et al., 2000c). Afterwards, pups are hydrated orally and transferred to a cool surface until their core temperature reaches 32­34o C.




  Acute seizures start with sudden freezing followed by oral automatisms (chewing, biting) and often forelimb clonic-movements. Later, tonic body flexion can be seen. The EEG shows spike trains in hippocampus and amygdala that coincide with immobility and oral automatisms, while the cortical EEG is unchanged or just flattening. The ictal EEG activity consists of trains of spikes and SWDs of progressively increasing amplitude in hippocampus and amygdala with variable progression to the cortex (Dubé et al., 2004). Spontaneous recurrent seizures develop in adulthood in about 35% of the rats and interictal spiking was recorded in about 88% of the rats (Dubé & Baram, 2006). Hyperthermia-induced seizures do not lead to any acute or delayed neuronal death in hippocampus (Bender et al., 2003; Dubé et al., 2004), although transient neuronal injury is detectable over two weeks in hippocampus, amygdala and perirhinal cortex (Toth et al., 1998). Inflammation contributes to increased neuronal excitability and seizures, as the temperature necessary to induce FS is reduced after i.c.v. administration of interleukin-1β to rat pups (Dubé et al., 2005).




  Developmental aspects of temporal lobe epilepsy




  Temporal lobe epilepsy (TLE) is a common cause of complex partial seizures that most often originate in mesial temporal structures where lesions can often be observed. Retrospective studies have shown that a large proportion of patients with TLE underwent an “initial precipitating injury (IPI)” occurring most often before 4 years. The IPI is most frequently prolonged complex febrile seizures, status epilepticus (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, thus 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). A recent MRI study performed on children with complex prolonged febrile seizures showed that only a small subset of infants with a preexisting lesion in the hippocampus went on to develop hippocampal sclerosis (VanLandingham et al., 1998). At the moment it is still not clear whether the IPI could be the sole cause of hippocampal sclerosis or if the IPI needs to be associated to a preexisting factor like a hippocampal lesion, a neuronal migration disorder or a specific genetic background to lead to TLE with hippocampal sclerosis.




  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. Usually about 100% of adult rats undergoing SE develop spontaneous recurrent seizures (SRS) after a mean latency of about two weeks (Sperk, 1994; Turski et al., 1989; Curia et al., 2008). SRS are usually motor stage 3­5 seizures involving myoclonic movements of the head, forepaws and hindpaws, rearing and falling. On the EEG, seizures start often with very rapid low amplitude activities followed by larger amplitude rapid spikes concurrent with myoclonic movements. After 30­60 s the amplitude decreases and the post-ictal trace is characterized by synchronous discharges on a low amplitude background. In younger rats the outcome of SE is different. After pilocarpine or lithium-pilocarpine SE, no motor SRS are recorded when SE is induced up to PN17. Between PN18 and PN24, 22% of the rats develop SRS and 72­75% of rats subjected to SE at 3­4 weeks develop SRS (Dubé et al., 2000a, 2001; Priel et al., 1996; Sankar et al., 1998). However, young animals may develop SRS without behavioral expression characterized by freezing and/or automatisms like chewing, licking, vibrissae twitching (Kubova et al., 2004; Suchomelova et al., 2006).




  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. The severity of the seizures increases with age and in 10% of the animals, spontaneous clonic seizures could be recorded in rats over PN60. These animals suffer from severe cognitive deficits and present in vitro persistent hyperexcitability in CA1 hippocampal area but in the absence of any major long-term pathological change (dos Santos et al., 2000). Finally, early prolonged febrile seizures also lead to spontaneous seizures in some rats. These seizures consisted in sudden freezing followed by limbic automatisms, as recorded in rats subjected to SE at a young age (Dubé & Baram, 2006; Reid et al., 2009; Scantlebury et al., 2005; Scantlebury & Heida, 2010).




  In adult rats, pilocarpine SE triggers bilateral neuronal loss mainly in hippocampus, hilus of the dentate gyrus, piriform and entorhinal cortices, amygdala, neocortex and thalamus. Neuronal death leads to the genesis of a new hyperexcitable circuit that will allow the occurrence of SRS which characterize the chronic phase. SRS last for the whole animals' life (Turski et al., 1989; Cavalheiro, 1995; Dubé et al., 2000b). In PN18-24 rats, a pattern of neuronal loss more moderate than in adults is observed; with neuronal death limited to the dentate gyrus hilus, entorhinal and piriform cortices and lateral thalamus. In rats less than PN18, SE does not lead to neuronal loss (Albala et al., 1984; Cavalheiro et al., 1987; Dubé et al., 2000b, 2001; Priel et al., 1996; Sankar et al., 1998).




  The use of the non-invasive MRI technique 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 is becoming 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 the epilepsy and could be used as a surrogate marker to discriminate as soon as 24 h after SE whether rats will become epileptic or not (Roch et al., 2002b).




  There is still a debate on whether or not a single initial precipitating injury is sufficient to trigger epileptogenesis in TLE patients. In adult and PN21 rats with SRS, the single initial injury, in the form of SE appears to be sufficient for epilepsy to develop. However, PN10 rats do not become epileptic and at that age, SE alone does not lead to epilepsy. PN10-14 rats have reached a cerebral maturity corresponding to 0­4 year-old human infant (Dobbing & Sands, 1973; Romijn et al., 1991). In humans, this age corresponds to the period of highest susceptibility to the consequences of an IPI. The lack of consequences in animals may relate to the nature of the initial injury; indeed, most patients with TLE report a history of prolonged febrile seizures and less often SE. As explained above, FS lead to the occurrence of SRS in 35% of rats (Dubé & Baram, 2006). It may also be, as shown VanLandigham et al. (1998) and reviewed by Cendes (2004) that only infants having a preexisting hippocampal lesion or a genetic predisposition and experiencing an acute injury will develop hippocampal sclerosis and TLE. In rats also, the prior exposure to a freeze lesion increases to 86% the percentage of rats that will develop epilepsy if exposed to FS (Scantlebury et al., 2005). Pilocarpine SE needs to be repeated over 3 consecutive days in PN7-9 rats to induce long-term consequences with a small percentage of the rats having behavioral SRS (dos Santos et al., 2000). This experimental paradigm supports the hypothesis that recurrent seizures occurring early are harmful to the immature brain. In the animal model of MAM-induced neuronal migration disorders, the dysplasias render the immature brain more sensitive to a further episode of seizures (see above) which is in line with the hypothesis raised in clinical studies according to which a preexisting factor (including a lesion) favors the development of hippocampal sclerosis and hence TLE (VanLandigham et al., 1998; Shinnar et al., 1990, 1992). Subtle anomalies linked to lesions or genetic predisposition could render the immature brain more susceptible to the cascade of events leading to hippocampal sclerosis and open new avenues to the clarification of the nature of the factors involved in the genesis of hippocampal sclerosis and TLE and hence to the genesis of better prevention strategies.




  Kindling in developing rats




  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 (Moshé et al., 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 (Moshé, 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 (Baram et al., 1993; Moshé, 1981; Moshé & Albala, 1983; Moshé et al., 1983). At 7­9 days, kindled rats rarely develop bilateral clonic seizures or rearing and progress from unilateral clonic seizures to tonic seizures. At 15­17 days, pups are also more prone to develop recurrent kindled seizures (Moshé & 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 (Burchfield et al., 1986). This observation suggests that in pups, the circuits for seizure control are not mature. One of these circuits involves the substantia nigra pars reticulata and its output system (Moshé, 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 (Moshé & Albala, 1983). In immature rats, kindling of limbic structures leads to persistent alterations in the brain. Kindled 15­18-day-old rats can be re-kindled faster during adulthood, whether the stimulation is applied ipsilaterally or contralaterally (Moshé & 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 (Ackerman 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 adults 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 30 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. 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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  To give a prognosis after a first unprovoked seizure occurring in an individual of any age remains a challenge in spite of the high number of published studies dealing with this topic. It is still a challenge after a second seizure when it becomes clear that they are not only seizures, but the onset of an epilepsy.




  To our knowledge, since the book published in 2003 by Jallon (2003), no epidemiological study has been published on the prognosis of epilepsies in general. In their chapter on the prognosis of epilepsy, among 72 references, Beghi and Sander (2008) reported only two references that were published after 2003, respectively in 2004 and 2006. Conversely, many articles considered the long-term outcome and prognosis of epileptic syndromes (West syndrome, Landau-Kleffner syndrome, benign partial epilepsy with centro-temporal spikes ­ BECTS ­, etc.) and particular situations such as outcome after surgery, especially temporal lobe surgery, outcome of intractable epilepsies, outcome of childhood epilepsy. Other articles considered the assessment of the risk factors for other seizures after a first episode, which, to some extent, is related to prognosis.




  For Beghi and Sander (2008), prognosis data encompass the overall prognosis of epilepsy, the prognosis after a first unprovoked seizure, the prognosis of newly diagnosed epilepsy, the prognosis of untreated epilepsy, the prognosis of epilepsy after treatment withdrawal, and the psychosocial outcome. For some categories, the figures provided by the literature are heterogeneous because they are based on varying criteria. For example, the risk of relapse after a first unprovoked seizure ranges from 23% to 71% (Beghi, 2003) and from 14% to 68% when actuarial methods are used. It depends on the type of population studied (tertiary centres, general population), the duration of follow-up (2 years, 5 years, 10 years), the age at first seizure (neonates, children, adults), the retrospective or prospective character of the studies.
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episodic ataxiaZ, acetazolamide responsive, spinocerebelar
degeneration type &
19913 SCN1B, sodium channelbeta 1 subunit Generalized epilepsies with febrit sezures plus
199132 'NACHR nicotinc acetylcholine receptor aipha 4 suburit | Autosomal dominant nocturnal frontal lobe epilepsy 1
209 KCNQ2 potassium channel suburit Benign familal neonatal convulsions (EBN1)
21q223 CST8, ystatin Unvericht-Lundborg disease; rogressive myoclonus eplepsy
Battic myodonus (EPM1)
Xp2z TREXT, 3-5' DNA exonuclease Aicards syndrome with ezrly infantile epileptic
encephalopathy and EEG burst suppression
Xp2z | ARX, Aristaess related homeabox gere X linked infantil spasms of West syndrome, spasticity, mental
etardation, Patington syndrome (ataxia, mental retardation
and dystonia), Ontahara syndrome, X-linked myoctonic
epitepsy
Xp2z ‘CDKLS, cycin dependent kinase like 5 gene Infantile spasms, hypsarthythmia, overiapping phenotypes
of Angelman syndrome and atypical Rett syndrome
Xq22.1 PCDH19, protocadherin 19 gene Dravet syndrome, eplepsy and menta retardation n females
(EFMR)
Xq22 SPRX2, secreted sushi-repeat containing protein Rolandic epilepsy with oral and speech dyspraxia iateral
perisybian polymicrogyria
Xq22323 | DOX, doublecortingene X-linked lissencephaly and subcortical band heteotopia,

doublecortex syndrome
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‘Geneticmap (cartography) of some human epilepsy genes and their chromosome loci.
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Some definitions of terms found in results

of genetic tests

Nudeotidebase | One etter o the code: G,C.A. T

Mutations Variants not found in controls and deemed
pathogenic

Polymorphisms | Variants aso found n controls and not
considered pathogenic

Codon The 3 nuckeotides that“spel” one amino acid
or“stopsignal”

‘Amino acid Building blocksof the proteins
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Photosensitivity in a 16 year-old female with IGE. EEG and amplitude map demonstrate the
occipital onset of the discharge.
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‘Some chromosome loci whose epilepsy gene i still undefined

Chromosome | Epilepsy gene

2 Familal temporal lobe eplepsy with hippocampal steroses and Intertukn (1)1, IL-1a, 2nd L-1 receptor antagonist gene
224 Generalized epilepsy with febril sezures plus (GEFS+); unknown gene

3p142:p121 | diopatic generalzed epilepsy with generalzed spike waves (1 famiy from Itay); unknown gene

sq14-q15 Fanmilal febrle seizures (FEB4) (1 erge and 39 nuclear familes from Japan); unknown gene

6q2¢  Autosomal recesswe juvenile myocionic epitepsy in SaudiArabia

) Progressie epilepsy with mental etardation-recessive; Finland

81112  Adolescent-onset idiopathic generalzed epilepsies with generalzed spike-waves (non jvenile myocionic epilepsy random

grand mal and juvenile absence sizures) [23 familes: 15 grand mal and 8 juvenile absence] from New York): unknown gene

8q13-21 Familal febrle seizures (FEB1) (1 famiy from Australia), unknown gene

80233-q24.1 | Benign adult familial myoclonic epilepsy (FAME);unknown gene

8q24 Childhood absence epilepsy with or without grand mal (ECA ) (7 families from Bombay, India, Argentina, LA, CA (USA),

Spain,Saudi Arebia) unknown gene

15 Epilepsy, dysmorphic face, mental retardation, temporallobe malformation; 15q trsomy (chromosome 12-15 translocation);
1514 Centrotemporalspkes n families with Rolandic epilepsy; unknown gene

1514 Juvenite myocionic epilepsy (EIM3)

16p12:q12 | Autosomal recessive Rolandic pilepsy with paroxysmal exercie induced dystonia and witer's amp

TEPIZQ2 |l natde crvulions 2nd oS chorsoatecss (4 fembes fom Fance and1amy o i ke
17q12-G24 | Febrie sezures, childhood absence and temparal obe epilepsy in ane family from Finiand: unknown gene

19 Familal febrle seizures (FEB) (familis from midwest, USA); unknown gene

19913 Benign famila infantie convalsions (familes from Italy); unknown gene

22q11-q12 | Familial partial epilepsy with variabl foci unknown gene

XP11.4Xpter | Infantil spasms syndrome (2 familesfrom Leuven, Belgium): unknown gene

Xp11-11.4p211

X-linked mental retardation without dysmorphic features and epilepsy





OEBPS/Images/25.jpg
Chromosomopathies and epilepsies

MillrDieker syndrome in chromosome 17p133

Interstitil deletion of chromosome 14q with agenes's of corpus
callosum

Ring chromosome 20 syndrome

Ring chromosome 14 syndrome

‘Wolf-Hirschom syndrome (chromosome 4p deletion)

Chromosome 9q subtelomere deletion (EHMTT gene or histone
methyltransterase gene)

‘Angelman syndrome in chromosome 15q11-13

Fragie Xsyndrome

Downsyndrome
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Animal models depicting epigenetic influences
Cortical dysplasias

Hypoia-ischemia

Complex febrlesezures
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| Figure3 |

10 year-old boy with idiopathic Rolandic epilepsy starting at age 6. Asleep, temporo-parietal
spikes of shifting laterality.
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EETIEIYIN Genetic testi

in GLUT1 deficiency syndrome

Epilepsy phenotypes of GLUT1 deficiency syndrome. Mutations Other diagnostic tests for GLUT1
inGLUT1 deficiency syndrome
orSIC2AT
Absence epilepsy 1. Reduced CSF glucose seldom > 40 mg/d -
the “halimarc”
Early childhood absence epilpsy 0% of the GLUT1 deficency
Childhood absence eptepsy Rarely 2 Lowrato SF glcose tobood glocose
Juvene sbsence eplepy Rarely (033 001 with nommal ratio 065 = 007)
Adut absence epilepsy Rarely 3.Normal blood glcose:
'Doose syndrome Rarely 4. Impaired glucose (3-0 methyl glucose)
‘and myoclonic astati epilepsy uptake i human RBCs~ “complementary
Myodonic absence Rarely ke
diopathic generalzed epilepsy Rarely

(tonic clonic, absence, myoclonic, childhood absence epitepsy evolves
tojuvenite myocionic eplepsy

* Bt deleions, msans, nrsense, Fameshts, splc s, Earslaton titn, deleten/uplcatons (len et o, 2010).





OEBPS/Images/6.jpg
Amplitude maps of successive time points on the ascending slope of a spike in a child with
Rolandic epilepsy. The amplitude map shows that at the onset points there are negative.
potentials anteriorly and positive potentials posteriorly, on the right side. This corresponds to.
a tangential dipole, localized in the central sulcus. The dipole gradually “rotates: at the last
time points, corresponding to the peak of the spike, one can see  circumscribed negativity in
the ight centro-temporal region (radial dipole). This demonstrates that within the ascending
slope of the spikes, thereis a propagation from the sulcus to the lateral convexity of the
centro-temporal cortical areas (authors'original data).
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Some genetic diseases whose phenotype include epilepsy

Chromosome | Epilepsy gene
16q122-q21 | silatera rontaparietal poymicrogyria (B7PP)

18q11-12 | Niemann-Pick disease type C; ntracellular cholesterol trafficking NP-type Disalelc
Xp22.1-p212 | Glycine receptor, Rett syndrome.

Xq26 Hypaxanthine-guanine phosphoribosyitransterase/Lesch-Nyhan syndrome

xq73 Fragile X mental retardation syndrome; CGG repests

Xq273-28 | iduronate 2-sulatase/ Hunter's syndrome

Xq27-28 | incontinentia pigment 2

Xq27-28 | Rett syndrome; methyl-CpG binding protein (MECP2); occurs almost exclusively inwommen
Xq28 Incontinentia pigment;; NEMO/KEKG

xq28  Adrenoleukodystraphy, adrenoleukomyeloneuropathy

Xq28 Fragile X type E; GCC repeats

Xq28 Hydrocephalus aqueductal stenosis type
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Dravet syndrome (SMEI)

Gene symbol Tests available Results
SCNIA Screening by light cyder or WAVE followed SCN1A mutations account for 709 of all SMEI cases;“de novo”
by sequencing mutations i 95% 2nd 5% familalin SMEI cases; truncation
mutations in 60%; missense mutations n 12 to 27%
MLPA or quantitative PCR Deletion,duplication,rearrangements may 2ccount for 10%
of mutations in SCNTA
SCNOA Screening by Light ycler 480 0r WAVE followed | Missense mutations n 5% of allSMEI cases
by sequencing
Protocadherin 19, Screening by Light ycler 480 0r WAVE followed | Missense mutations n 5% of all SMEI cases

by sequencing






OEBPS/Images/44.jpg
Selected electro-clinical syndromes arranged
by age at onset for which models have been proposed

¥ Neonatal period.

Benign familal neonatal epilepsy

Ontahera syndrome

¥ infancy

Westsyndrome

Dravet syndrome

¥ Childhood and adolescence

Lennox-Gastaut syndrome

Chidhood absence epilepsy

Progressive myoclonus epilepsies

Rasmussen encephalits
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32 year-old man with left mesio-temporal sclerosis: left temporal sharp wave focus
confirming the clinical conclusion.
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‘Some epilepsy genes and their phenotypes

Chromosome | Gene

1p35-311 | SLC2AY/Glutl, glucose transporter type |

Phenotype

Early onset absence epilepsy;as0 n epilepsy with paroxysmal
exercise induced dyskinesia

1036 ‘GABRD gaba receptor variants E177A and R220H Generalized epilepsy with febrile seizures plus (GEFS+)
and Arg220tis with absence seazures
192123 [ ATP1AZ, sodium potassium ATPase alpha 2 suburit Familal hemiplegic migraine with epilepsy
1921 ‘CHRNBZ, beta 2 subunit of nicotiic acetylecholine receptor _| Autosomal dominant nocturnal frontal lobe epilepsy 3
22223 CACNBwt Rag2X mutation,clciam cannel et ¢ iopathic generalized epilepsy, Juvenile myoclonic epilepsy
subunit
224 SCNBA sodium channet alpha 9 subunit ‘Dravet SMEI syndrome or simple febril seizures, intractable
epitepsy, complex partial seizures with hippocampal sceroses
pain syndrormes
224 SCN1A sodium channet alpha 1 subunit Intractzble chiidhood epilepsy with generalzed tonic conic
seizures (ICEGTC) Generalized epilepsies with febrile sezures
plus (GES+);severe myoclonic epilepsy of nfancy of Dravet,
febrile seiures 3 (F£83)
224 SCN3A,sodium chanel apha 3 subunit partialepilepsy

223243 | SCN2A, sodium channelaipha 2 subunit

Benign familal neonatal inantile seizures; febrie and afebrie
seizures

4q13:31 SCARBZ/LIMPZ progressie myoclonus epilepsy, Unverriht-Lundborg type,
alsoin action myocionus-renal fiture syndrome

513 EAAT; gil glutamate transporter Episodic ataxiawith sezures, migraie, lternating hemiplegia

s34 ‘GABRAT, gaba A receptor apha 1 subunit Juvenite myocionic epiepsy

sq34 ‘GABRG2 gaba A receptor gamma 2 subunit ‘Generalized epilepsy with febrie sezures plus (GEFS+3)
and childhood absence; febrile seizures ony, Dravet syndrome

6p12-p11 | Myocloninl/EFHC1 gene Juvenite myocionic epilepsy EIM1

6213 BRDZ, mitogen-ctivated kinase gene Juvenite myocionic epilepsy, EMZ

622 EPM2B, malin ubiquitinligese Lafora progressive myoctonus epilepsy

6q2¢ ‘EPM2A Lafori dual specificity protein phosphatase Lafora progressive myoctonus epilepsy

=3 CNTNAPZ Focal epilepsy; developmental delay,cortical migration
detects

8q24. 'KCNQ3, EBN potassium channel Benign familal neonatal convulsions.

9g333-q34.11 | STXBP1/Munc1a-1, syntaxin binding protein

‘Sporadic Ohtahara syndrome ofearly nfantil epileptic
encephalopathy with EEG suppression bursts

9g333-q34.11 | SPTANIT, alpha-I spectrin deletion, duplication

Early onset epleptic encephalopathy (ezrly onset West
syndrome) with severe hypomyelination

10022 'KCNMAT, BK potassium channel ipha suburit

Generalized epilepsy and paroxysmal dyskinesiz
nonconvulsive absence seizures
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Some genetic diseases whose phenotype include epilepsy

Chromosome | Epilepsy gene

1015 Late nfantil neuronl ceroid lpofuscinases

1032 Infantile neuronal ceroid lipofuscinoses (Finish type); Haltia-Santavuor disease; CLNT; palmitayl-protein thiosterase;
recessive

1034 Alpha-L-fucosidase-/fucosidoss

1921 Glucocerebrosidase/ Gaucher's disease

221 Holoprosencephaly-2

3q252-q27 | Cerebral cavernous malformations (CCM3)

3p26-p25 |von Hippel-Lindau disease (VHL 1 2nd 2) type 1-etinal angiomas, CNS

3pter3p21 | Bete-galactosidase UGMs ganglosidosis

Gqsqer | Fucosidosis recessve; type 2, FUGAZ

7p13-p1s | Cerebral cavernous malformations (CCM2)

7 Cavernous malformations ofthe brain; unknown gene

7021-q22 | Cerebral cavernous malformations (CCM1) (Kit 1 gene)

7036 Holoprosencephaly-3

823 Juvenite neuronal ceroid pofuscinosis

11p1s Variant juvenie neuronal ceroid ipofuscinosis; Jansky-Bielschawsky disezse; ripeptidy peptidase (TPP1): (CINZ)

11p15.4-151 | Niemann-Pick disease types A and 8

112123 | Desminmyopathy; apha-p-cystalin (CRY AB)

g2 Charcot-Marie-tooth type 48; myotubularin-related protein 2

112223 | Dopamine D receptor; myocionus-dystonia syndrome, dominant

1102223 | Ataxia teangiectasia; ATM gene for regulation of cel cycle; mitogenic signa transduction and meiotic recombinantion
12q22-242 | Phenylalanine hydroxylase/phenyketonuria

1322 Finnish late infantie neuronal ceroid lipofuscinosis

13q142-g21 | Wilson'sdisease

132132 | Late infantile neuronal ceroid-lipofuscinosis (Finish type): (CLNS); Novel transmembrane protein of unknown functon;

recessive
14 Spasti paraparesis and epilepsy

14q111-q13 | Holoprosencephaly-4

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

16p12 Batten's disease, juvenile neuronal ceraid [pofuscinass; recessive; CLN-3; Novel transmembrane protein of unknown function;
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