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  Foreword

  


  It has long been suspected that inheritance may play a role in causing epilepsy, but it has only been since the mid twentieth century, following the work of Lennox and the Metrakos, that specific gene-linked epilepsies with Mendelian inheritance have been identified. These epilepsies, which `could not be ascribed to any other causative factors except a hereditary predisposition' were included in the category of `idiopathic epilepsies' in the ILAE classification of 1985.


  Since 1995, thanks to the impressive progress of human and experimental genetic research, as well as the development of new interdisciplinary basic research strategies combining molecular biology with neurophysiological techniques, at least a dozen genetically determined human epilepsies have been characterized. Moreover, the potential contribution of genetic factors among the multifactorial mechanisms responsible for epilepsies even in the absence of a single gene mutation is now being clarified.


  These recent results challenge some of the long-held views upon which the classification of epilepsy has been based, and will certainly have an ever-increasing impact on the clinical management, both from the diagnostic and therapeutic approach, of patients and families with epilepsy.


  This book is intended to provide neurologists, neuropaediatricians, paediatricians, medical geneticists, technicians, and nurses with updated information on the genetics of the epilepsies. It includes a comprehensive clinical picture of the genetic epilepsies discovered so far and newer concepts underlying genotype/phenotype correlation. What should the clinician expect upon learning that a patient carries a mutation in a known gene linked to epilepsy? Whereas in some cases the interpretation of the pathogenesis is straightforward, in many others it needs to take into account the secondary mediation of developmental or degenerative changes in the brain that are also genetically controlled. These secondary changes may alter the clinical outcome (`penetrance') of the primary gene defect.


  One important lesson we are learning from recent studies on genetics of the epilepsies is the value of a combined clinical and experimental research approach, without which little real progress in the field would be possible. Therefore this volume has a multidisciplinary design to promote the most effective interaction between people working in clinical and laboratory settings. Several chapters are devoted to the systematic analysis of monogenic epilepsies with emphasis on epileptogenic channelopathies that are being intensively investigated in recent years. Some of the most exciting genetic discoveries in the field have been made possible by a careful definition of the phenotype by clinical epileptologists. On the other hand epileptogenic gene mutations discovered by molecular biologists in the laboratory have also led to the recognition of previously unidentified clinical forms of epilepsy.


  A final section deals with genetically determined brain maldevelopments responsible for epilepsies. Thanks to the growing sophistication of modern brain imaging techniques, the contribution of cerebral dysplasia in inducing epilepsies, previously defined as cryptogenic, is increasingly recognized. Epileptogenic brain dysplasias linked to several recently discovered genes can now be correlated with specific gene mutations and have greatly advanced our understanding of pathological brain development, as well as defining the natural history and defects in neuronal migration mechanisms leading to the specific malformation of excitatory and inhibitory neuronal populations. A section is devoted to genetically determined degenerative disorders associated with epilepsy whose prototypes are Progressive Myoclonus Epilepsies (PMEs), namely the Lafora and Unwerricht-Lundborg diseases. Since neurodegeneration is observed in many types of epilepsies, the information drawn from PMEs will be particularly helpful to understand the reciprocal cause-effect relationships between specific degenerative and genetic factors. These three sections are preceded by a group of chapters introducing the general concepts and methods and followed by a concluding section where the potential utility of genetic concepts in designing new therapeutic strategies is discussed.


  We thank the outstanding specialists in epilepsy who have contributed to this book as well as the Mariani Foundation for their generous support and editorial expertise that has ensured first and foremost that the scientific information will benefit those caring for persons with epilepsy in their daily practice.


  Giuliano Avanzini

  Jeffrey Noebels


  Chapter 1 - Genetic determinants in the epilepsies


  Eva Andermann


  Departments of Neurology & Neurosurgery and Human Genetics, McGill University; Neurogenetics Unit, Montreal Neurological Institute and Hospital, 3801 University St., Room 127, Montreal, Quebec H3A 2B4, Canada

  eva.andermann@mcgill.ca

  


  Summary: Although the importance of genetic factors in the aetiology of generalized epilepsies has long been recognized, focal or partial epilepsies were believed to be due largely to environmental or extrinsic causes. In the 1970s and 1980s, both generalized and focal epilepsies were shown to be compatible with multifactorial or complex inheritance. In the past 15 years, over a dozen genes for relatively rare single gene or Mendelian idiopathic epilepsy syndromes, both generalized and focal, have been identified, employing linkage studies and candidate gene approaches. Most of these genes encode ion channels. Most epilepsy syndromes are characterized by marked clinical and genetic heterogeneity. The more common epilepsies are inherited as multifactorial or complex traits, with small additive effects of multiple susceptibility genes, interacting with often undetermined environmental factors. Attempts are now being made to identify these susceptibility genes, employing microarrays and whole genome association studies.


  In addition to the above, several hundred genes have now been identified for genetic diseases associated with epilepsy, including metabolic disorders, progressive myoclonus epilepsies, phakomatoses, and malformations of cortical development. Epilepsy is also a feature of several mitochondrial disorders as well as of a large number of structural chromosomal abnormalities, including recently detected copy number variations.


  Advances in gene identification have permitted carrier detection and preclinical and prenatal diagnosis in some of these syndromes, leading to improved genetic counselling. This may result in prevention as well as in early diagnosis and specific treatment. Ethical and societal considerations are important in establishing guidelines for both genetic counselling and genetic research in the epilepsies.

  


  Historical introduction


  And they who first referred this disease to the gods... have given out that the disease is sacred... Its origin is hereditary, like that of other diseases' (Hippocrates, Adams Translation, 1849, Vol II, p. 843).


  Because of its unusual manifestations, epilepsy was regarded by primitive peoples as an invasion of the body by supernatural forces, benign and malignant. The ancient Greeks believed that seizures were due to possession by gods and goddesses. Similar concepts about epilepsy have persisted in many countries to this day (Andermann, 2000). In the Hippocratic writings, and particularly in the text `On the sacred disease' written about 400 B.C., these beliefs were refuted, and an attempt was made to substitute a natural explanation for the mythical one. Hippocrates recognized that epilepsy originated in the brain, and suggested that seizures develop `when the veins are excluded from the air by the phlegm.' He also postulated that the brain is the organ of all psychic processes, both normal and pathological (Temkin, 1971).


  Galen, who lived about 500 years after Hippocrates, asserted that all epileptic attacks were due to affections of the brain. He distinguished three forms of epilepsy: epilepsy due to an idiopathic disease of the brain; epilepsy due to a sympathetic involvement of the brain originating from other parts of the body; and epilepsy due to a pathological humour formed in an extremity and spreading to the head.


  The concepts formulated by Hippocrates and Galen, which constitute the basis of our present concepts, remained dormant for almost 2000 years. During the Middle Ages, they were again replaced by the superstitious beliefs of the past. The shifting conceptions of epilepsy through the centuries are documented in great detail by Temkin (1971) in his book, The Falling Sickness, and outlined by Lennox (1960).


  In the second half of the 19th century, John Hughlings Jackson developed an evolutionary model, which attributed different types of seizures to different anatomical levels of the brain (Jackson, 1931). According to Jackson's concept, all seizures, including the idiopathic or generalized types, originate from a specific anatomical structure of the brain.


  There was little further progress in the field of epilepsy until the 20th century, with the discovery of electroencephalography and advances in neurophysiology, as well as the introduction of new treatments including phenobarbital, the ketogenic diet, hydantoins, diones and epilepsy surgery.


  With the development of combined surgical and electrocorticographic procedures for the treatment of focal epilepsy, the anatomical basis of epilepsy and the functional anatomy of the human brain were further elucidated (Penfield & Jasper, 1954). As Lennox has aptly stated: `Epilepsy is no longer the Cinderella of medicine. The electroencephalograph is her glass slipper' (Lennox, 1960, p. 33).


  However, despite the enormous advances in research and knowledge of epilepsy in its neuroanatomical, neurophysiological, neurochemical and therapeutic aspects, many basic problems regarding its aetiology and pathogenesis still remained unsolved prior to the molecular era (Jasper et al., 1969).


  Early genetic studies of epilepsy


  In the field of genetics of epilepsy, family and twin studies in the first half of the 20th century consistently indicated that hereditary factors were important in epilepsy, and many conflicting hypotheses were put forward for its mode of inheritance: autosomal recessive (Davenport & Weeks, 1911); interaction of genes acting at different loci or different alleles at the same locus (Conrad, 1935a; Conrad, 1935b; Conrad, 1937; Harvald, 1954); autosomal dominant with modifying polygenes (Alström, 1950); and interaction of genes and environment suggestive of polygenic inheritance (Brain, 1926; Kallmann, 1953; Lennox, 1960).


  Some of the older studies were methodologically flawed (Gowers, 1901; Davenport & Weeks, 1911; Brain, 1926), in that the frequency of a positive history of seizures in relatives was analyzed without regard to the number of relatives involved or to the degree of relationship to the proband.


  Some authors (Gowers, 1901; Conrad, 1935a; Conrad, 1935b; Conrad 1937) included other neuropsychiatric conditions - mental illness, mental deficiency, alcoholism, migraine, syncope, and other `borderlands of epilepsy' in their definitions of `affected' relatives. Others left out relatives who had a history of only one convulsion, or those in whom the seizures could be attributed to a specific cause, such as fever or head trauma. In yet other studies, no adequate control group was available with which to compare the family data.


  ■Genetic vs. acquired: a false dichotomy


  Over the years, there have been conflicting opinions on the importance of genetic factors in epilepsy. At times, the genetic factors have been heavily emphasized, leading to restrictive laws regarding marriage and sterilization. Such restrictive legislation was evident until recent times in many countries, including the United States and Sweden, as well as Nazi Germany. At other times, the opposite view prevailed; attempts were made to have these restrictive laws rescinded and to demonstrate that inheritance is not important in the causation of epilepsy.


  Lennox (1951), in a study of 20,000 relatives of 4,231 epileptic patients, found that, both in the essential or genetic (now termed idiopathic) and symptomatic types of epilepsy, there was evidence of increased familial predisposition, in that the prevalence of epilepsy in the near relatives of both groups of patients was significantly increased as compared with the general population. Furthermore, the prevalence of epilepsy in the near relatives of the essential group was higher than that in the near relatives of the symptomatic group. These findings were confirmed by twin studies (Lennox, 1951; Lennox & Jolly, 1954; Lennox, 1960), and by the work of other investigators (Harvald, 1954; Metrakos, 1961). Based on the family studies, Lennox (1960) concluded that the division between idiopathic and symptomatic epilepsy is not clear cut, and that both genetic and environmental factors are operative to varying degrees in every epileptic patient. The possible interactions of these factors were beautifully illustrated by Lennox (1960) (Fig. 1).


  One of the first studies which clearly demonstrated Lennox's view of epilepsy was that of Rimoin & Metrakos (1963). They ascertained 153 children with hemiplegia, some of whom developed seizures and some did not. They then studied the prevalence of seizures and/or epileptiform EEG abnormalities in their near relatives, as compared with near relatives of 270 control probands. They found that the parents and siblings of patients who had both hemiplegia and seizures had a higher prevalence of seizures and of epileptiform EEG abnormalities than did relatives of hemiplegics without seizures. However, the most fascinating finding was that relatives of those hemiplegics who did not have seizures had a lower prevalence of seizures and of epileptiform EEG abnormalities than did the corresponding control relatives. These findings would indicate that those patients who suffered a brain injury sufficient to produce hemiplegia and yet did not develop seizures, had a lower genetic predisposition to seizures than those who did develop seizures. Furthermore, their familial predisposition to seizures was even lower than that of the general population. This study represents an excellent illustration of the interaction of genetic and acquired factors.


  In contrast to the above studies, several investigators (Alström, 1950; Eisner et al., 1959, 1960), employing large series of epileptic patients, showed that the prevalence of seizures in first degree relatives was not significantly increased as compared to controls or to the general population. Penfield & Paine (1955) suggested that, if two siblings had epilepsy, this could be explained on environmental grounds alone, such as having come from the same uterus through the same birth canal.


  Recent twin studies by Berkovic and others (Berkovic et al., 1998; Miller et al., 1998; Kjeldsen et al., 2001; Vadlamudi et al., 2004a) confirmed the original findings of Lennox, indicating that both genetic and environmental factors contribute in varying degrees to the aetiology of different epilepsy syndromes (Berkovic et al., 1987; Vadlamudi et al., 2004b; Berkovic et al., 2006). Vadlamudi et al. (2004a) studied the original files of the Lennox twins, and were able to classify the seizure syndromes of the patients according to the current ILAE classification (Commission, 1989), and to compare them with the Australian twin data, resulting in amazing similarities in these two series collected on different continents about 50 years apart.
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  Problems and approaches to genetic studies of the epilepsies


  The chief difficulty of genetic studies of epilepsy lies in the fact that the epilepsies are characterized by marked clinical and genetic heterogeneity. These and other problems, including biases in ascertainment, difficulties in determining which relatives are `affected', decreased penetrance and variable expressivity of genes, have been reviewed in detail by Metrakos & Metrakos (1960, 1969), and more recently by Berkovic et al. (2006).


  Genetic studies of the epilepsies involve two main aspects: detailed gathering of data and data analysis. The gathering of data with accurate proband ascertainment and phenotyping of family members, as well as detailed family history and pedigree, is key to the success of genetic studies. The data analysis includes segregation analysis to determine the possible mode of inheritance, linkage analysis (parametric or non-parametric), and more recently analysis of candidate genes and genome-wide association studies.


  The detailed medical history in the proband should include the features listed in Table 1A. The seizure history for the proband and affected family members should include the features in Table 1B and lead to the diagnosis of a specific epilepsy syndrome, if possible. A detailed family history should be obtained for the patient's immediate family, as well as on the maternal and paternal sides as far up as possible. Ideally this is done with the mother or grandmother, if available. Information on all diseases, particularly those listed in Table 1C, should be sought for each individual in the pedigree, including spouses. If other individuals in the family have a history of seizures, the details listed in Table 1B should be documented, for each individual. The relatives should be examined, if possible, and/or the medical records should be obtained.
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  Recent advances in genetics of the epilepsies


  Recent advances in genetics of the epilepsies have resulted from the following:


  1. Improved phenotyping and classification of epilepsy syndromes, with identification of a number of single gene or Mendelian epilepsy syndromes.


  2. Advances in neuroimaging, leading to diagnosis of malformations of cortical development as well as many other causes of symptomatic epilepsies.


  3. Advances in molecular biology, leading to mapping and cloning of genes for a number of epilepsy syndromes, employing molecular genetic techniques. These include parametric and non-parametric linkage studies, candidate gene approach, mutation analysis, and most recently genome-wide association studies.


  4. Advances in genetic epidemiology, specifically analysis of complex genetic traits and genome-wide association studies. The mathematical aspects of these analyses, as well as of mutation and polymorphism databases, and genotype-phenotype correlations, are now included in the new field of bioinformatics.


  Classification of the epilepsies


  Just as the role of genetic factors varied at different times, there were different phases in the classification of the epilepsies. In the older literature, the classification was aetiological and divided into two main categories: the terms `idiopathic', `cryptogenic', `essential', or `genetic' were employed when there was no known cause to account for the seizures, as opposed to `symptomatic' or `acquired' when an external cause could be identified. The term `cryptogenic' was later separated to indicate a suspected brain lesion which could not be identified by current diagnostic methods, and the three main categories were termed `idiopathic', `cryptogenic' and `symptomatic'. The cryptogenic category is confusing and now often included with the symptomatic epilepsies. Even the terms `idiopathic' and `symptomatic', although useful for clinical and didactic purposes, are not actually clearly distinct entities, and will probably disappear from any future classifications of the epilepsies (Engel, 2001, 2006a, b). A large number of patients and families with epilepsies that were regarded as symptomatic (for example, severe myoclonic epilepsy of infancy and certain forms of temporal and frontal lobe epilepsies) are now recognized as genetic disorders (Berkovic et al., 2006).


  This aetiological classification was then replaced by an anatomical one. Seizures which appeared to be generalized from the start were termed `subcortical' as opposed to `cortical', `local' or `focal' seizures, which were seen to arise in a specific region of the cortex. Penfield (1950) coined the term `centrencephalic' for seizures which were generalized from the onset and believed to originate in upper brain stem structures. These corresponded to the `highest level seizures' described by Jackson (1931).


  The anatomical classification was then replaced by the International Classification of Epileptic Seizures (Gastaut, 1970), which was based primarily on a combination of clinical and electroencephalographic criteria and secondarily on anatomical and aetiological grounds. In this classification, generalized epilepsy was divided into primary and secondary categories. Primary generalized epilepsy was thought to be genetic in origin, whereas secondary generalized epilepsy was attributed to diffuse or multifocal cerebral lesions. Partial or focal epilepsy was usually attributed to localized brain damage. This classification was a forerunner of the current classification of epilepsies and epileptic syndromes which is still widely used (Commission, 1989).


  Berkovic et al. (1987) postulated that the primary and secondary generalized epilepsies (now termed idiopathic and symptomatic generalized epilepsies) might constitute a biological continuum. The presence of Dravet syndrome or severe myoclonic epilepsy of infancy (SMEI) in families with generalized epilepsy with febrile seizures plus (GEFS+) and SCN1A mutations would support this hypothesis (Singh et al., 1999; Singh et al., 2001; Wallace et al., 2003; Mulley et al., 2005b). Newer molecular evidence has also shown that specific gene mutations can result in both generalized and focal epilepsy syndromes in the same family [for example, temporal lobe epilepsy in families with GEFS+ (Scheffer et al., 2007)]. The relationships between idiopathic and symptomatic epilepsies, and between generalized and focal epilepsies, as well as the concept of the epileptic diathesis, have very recently been reviewed (Capovilla et al., 2009; Lüders et al., 2009; Rodin, 2009).


  Beginning in the 1970s, Janz, followed by Wolfe, Dravet, Roger and others in the 1980s, and Berkovic and Scheffer in the 1990s, began to define specific epilepsy syndromes based on age of onset, seizure type(s), seizure frequency, diurnal variation, EEG features, imaging features, presence of mental retardation or other neurological abnormalities, family history of epilepsy or febrile seizures, prognosis or evolution, and response to treatment. The Task Force on Classification of the International League Against Epilepsy has listed all the currently accepted syndromes as well as syndromes in development (Engel, 2001; Engel, 2006a; Engel, 2006b), and these will constitute the basis for a new classification of the epilepsies, which will hopefully incorporate the advances in molecular genetics. When the aetiology of a syndrome is determined (for example, by its molecular basis), the syndrome then becomes a disease.


  Modes of inheritance


  Just as there are various possible classifications of the epilepsies, there are also various possible modes of inheritance. These are, as follows: single gene, monogenic or Mendelian; polygenic (many genes each with small additive effects), for example, those determining height, weight and IQ, which are normally distributed traits; multifactorial or complex inheritance (one or more major genes and/or polygenes interacting with environmental factors); mitochondrial (maternal, cytoplasmic); chromosomal abnormalities (identified by cytogenetic studies, fluorescent in situ hybridization (FISH) or array comparative genomic hybridization (CGH) techniques); and phenocopies (environmental). The term phenocopy is also employed to refer to individuals in a family with the same phenotype but who do not carry the family mutation (for example, some patients with simple febrile seizures in GEFS+ families).


  ■Main features of multifactorial or complex inheritance


  This mode of inheritance postulates a normally distributed liability or susceptibility in the general population with a threshold effect above which an individual is `affected' (Falconer, 1965). The curve for first degree relatives is shifted to the right, so that the prevalence in relatives is greater than that in the general population. The vast majority of epilepsies, both generalized and focal, are inherited in this manner. This is illustrated in Fig. 2, showing different thresholds for EEG abnormalities and for seizures.


  The main features of multifactorial or complex inheritance are, as follows: high population frequency (prevalence > 1/1,000); familial prevalence is higher than that in the general population; does not fit classical Mendelian ratios; and environmental factors are important. The risk to relatives depends on the degree of relationship, and drops rapidly from first to third degree relatives, unlike autosomal dominant inheritance where the drop is only by a factor of two for each degree of relationship. In multifactorial inheritance, parents, siblings and children may be lumped with respect to risks, similar to autosomal dominant inheritance, but differing from autosomal recessive inheritance. The risk to relatives increases according to the number of affected individuals in the family, and this is unlike Mendelian inheritance, where the risk remains constant.


  Susceptibility genes in common diseases may represent common gene polymorphisms, each with small phenotypic effects, seen in more than one per cent of the general population (for example, single nucleotide polymorphisms or SNPs). This is termed the common disease/common variant model. There is also a possibility of multiple rare polymorphisms, with relatively greater phenotypic effects, each occurring in less than one per cent of the general population, as well as a combination of both (Mulley et al., 2005a). Common gene variants contributing to diseases with complex inheritance can be detected by means of genome-wide association studies, unlike the rare variants (Mullen et al., 2009).
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  ■Factors determining the epileptic phenotype


  The main types of genetic changes contributing to human disease and their means of detection are listed in Table 2. In addition to the various genetic influences, the epileptic phenotype can be influenced by environmental, developmental or maturational, and endogenous or hormonal factors (Table 3).
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  Pre-molecular genetic studies


  ■Idiopathic Generalized Epilepsies


  The idiopathic generalized epilepsies constitute a group of syndromes characterized by absence seizures, myoclonus, and generalized tonic-clonic seizures. There is an overlap in age of onset, type and frequency of seizures, prognosis and response to treatment.


  Until the early 1960s, genetic studies of epilepsy were carried out on rather mixed groups of patients. The great contribution made to this field by Metrakos & Metrakos (1960, 1961) was that they chose to study a very well defined clinical and electroencephalographic entity, namely centrencephalic epilepsy as defined by Penfield (1950), from the vast heterogeneous group of epilepsies. Their probands had absence attacks and/or grand-mal seizures, no gross cerebral lesions, and a characteristic paroxysmal bilaterally synchronous 3/s spike-wave EEG abnormality. Based on detailed family histories and EEG studies in the relatives of these patients, Metrakos & Metrakos (1960, 1961) concluded that the spike-wave EEG trait, but not the epilepsy, was inherited as an autosomal dominant trait with age-dependent penetrance. This trait had an unusual characteristic of very low penetrance at birth, which rose rapidly to nearly complete penetrance (that is, expression in almost 50% of first degree relatives) around the age of 10 years, and declined rapidly to age 20 and gradually to almost no penetrance after age 40. These findings were summarized by Metrakos (1961).


  Matthes & Weber (1968) and Doose et al. (1973) obtained similar results in parents and siblings of patients with spike-wave absences, although the frequency of spike-wave abnormalities in relatives was lower.


  Metrakos & Metrakos (1974) further confirmed the age-dependent characteristics of the spike-wave EEG trait by means of longitudinal follow-up studies in 94 siblings of their centrencephalic patients. They then studied the prevalence of the 3/s spike-wave EEG trait in relatives of probands who had other forms of epilepsy. They found that the prevalence of this EEG trait in relatives of probands with one or more febrile convulsions was almost as high as that in relatives of probands with centrencephalic or primary generalized epilepsy. The genetics of febrile seizures and their relationship to other epilepsy syndromes has more recently been reviewed by Berkovic and Scheffer (1998). These findings were confirmed by others, suggesting a common genetic predisposition for both febrile convulsions and primary generalized epilepsy. Relatives of probands who had focal EEG abnormalities with or without seizures were also found to have a significantly higher prevalence of 3/s spike-wave EEG abnormalities than control relatives (Metrakos & Metrakos, 1974), but lower than that found in relatives of probands with centrencephalic epilepsy or febrile convulsions (Metrakos & Metrakos, 1969; Metrakos & Metrakos, 1970). For each of these groups, there was a similar age-dependent penetrance, and the frequency of spike-wave EEG abnormalities was usually higher in females for each age group. This method of employing EEG traits as markers of genetic susceptibility would now be termed endophenotyping (Gottesmann & Gould, 2003).


  In a series of publications (Andermann, 1972; Andermann & Metrakos, 1972; Andermann, 1980a; Andermann, 1980b; Andermann, 1982; Andermann, 1985), we were able to demonstrate that the families with centrencephalic or idiopathic generalized epilepsy studied by Metrakos & Metrakos fit the model of multifactorial inheritance proposed by Falconer (1965). This has been further corroborated by various twin studies (Berkovic et al., 1998; Miller et al., 1998; Kjeldsen et al., 2001; Vadlamudi et al., 2004a).


  Berkovic et al. (1998) and Vadlamudi et al. (2004a) drew the following conclusions from the Australian and Lennox twin studies: 1. the high concordance rate for idiopathic generalized epilepsies (IGEs) in monozygotic (MZ) twin pairs (Lennox 75%; Berkovic et al., 65%) strongly supports the primacy of genetic factors; 2. the concordance using EEG criteria is even higher (Lennox, 84%; Berkovic et al., 82%); 3. the fidelity of subsyndromes in MZ twin pairs (for example, juvenile myoclonic epilepsy or childhood absence epilepsy) suggested that the subsyndromes are genetically distinct. In particular, childhood absence epilepsy and juvenile absence epilepsy tend to segregate in different families as compared to juvenile myoclonic epilepsy (Marini et al., 2004; Winawer et al., 2005); 4. the low rate of concordance in dizygotic (DZ) twin pairs with MZ/DZ ratios > 4 and lack of fidelity of subsyndromes in DZ twins excludes simple dominant or recessive inheritance. These findings led the authors to conclude that a complex or complexes of multiple genes probably underlies the idiopathic generalized epilepsies.


  ■Focal or Partial Epilepsies


  Although it has long been assumed that generalized epilepsies have a strong genetic component, partial epilepsies were considered to be largely due to environmental factors. Some multiplex families with partial epilepsies had been identified, but they were considered compatible with multifactorial or complex inheritance. While we recognize that most generalized epilepsies have complex or multifactorial inheritance, several partial epilepsies with single gene or monogenic inheritance have recently been identified.


  In the late 1960s, Eva Andermann studied the families of 60 probands who had been operated for focal or partial epilepsy at the Montreal Neurological Hospital (Andermann & Metrakos, 1969; Andermann & Metrakos, 1972; Andermann, 1972). Detailed family histories were obtained and EEG examinations were carried out in 315 relatives of these patients. The data showed no significant increase in prevalence of seizures in first, second and third degree relatives, but the prevalence of EEG abnormalities, including focal and generalized epileptiform abnormalities, was significantly increased as compared to control relatives. The prevalence of epileptiform EEG abnormalities was maximal around the age of 10 years when it reached almost 20%, and dropped off significantly by the age of 20 years. The data again fit the multifactorial model of Falconer (1965), although the heritabilities were lower than those for the idiopathic generalized epilepsies studied by by the Metrakoses (Andermann, 1972; Andermann & Metrakos, 1972; Andermann, 1980a; Andermann, 1980b; Andermann, 1982; Andermann, 1985).


  Molecular studies of single gene epilepsy syndromes


  The purpose of gene mapping and cloning studies is, as follows: to confirm the genetic basis of the disease; to study genotype-phenotype correlations, that is, to correlate specific mutations with the clinical expression of the gene; to study the mutant protein, with an aim of understanding the pathophysiology of the disease; and eventually to develop specific treatments.


  The relevance of identifying genes for rare monogenic epilepsies is, as follows: these genes may have more common alleles which contribute to epilepsy predisposition but are not sufficient to cause the phenotype. Identifying these genes may shed light on the basic mechanism(s) of the epilepsies and contribute to our knowledge of normal brain functioning.


  ■Epilepsies in the first year of life


  Several epilepsy syndromes have been identified, and the genes have also been found. The first is benign familial neonatal seizures (BFNS). The onset is usually in the first week of life (45% on the third day); other causes of neonatal seizures must be excluded. About 14% go on to have seizures as children or adults. This condition has been attributed to mutations in potassium channel subunits KCNQ2 and KCNQ3 (Biervert et al., 1998; Charlier et al., 1998; Singh et al., 2003).


  The syndrome of benign familial infantile seizures (BFIS) is genetically and clinically distinct from BFNS, and the seizures have focal features. A locus has been described on chr19q (Guipponi et al., 1997), but this has not been confirmed (Gennaro et al., 1999; Striano et al., 2006b). Most families map to the centromeric region of chr16, but the gene has not yet been identified. Some families mapping to this region also have paroxysmal dyskinesias beginning in later childhood (Szepetowski et al., 1997). In addition, several families with mutations in ATP1A2 have benign infantile seizures and hemiplegic migraine (Vanmolkot et al., 2003).


  The syndrome of benign familial neonatal-infantile seizures is characterized by onset of seizures at approximately 3 months and autosomal dominant inheritance with high penetrance. The age of onset is intermediate between BFNS and BFIS. The seizures also have focal features, but the prognosis is benign. This syndrome has been shown to be due to mutations in a sodium channel subunit, SCN2A (Heron et al., 2002; Berkovic et al., 2004a; Striano et al., 2006a).


  ■GEFS+ and SMEI


  A new syndrome of generalized epilepsy with febrile seizures plus (GEFS+) was first described by Ingrid Scheffer and co-workers (Scheffer & Berkovic, 1997; Singh et al., 1999). This syndrome is pleiomorphic with variable expressivity, including a number of different phenotypes: simple febrile seizures; febrile seizures plus which are either atypical and continue after the age of 6 years or are interspersed with afebrile seizures; myoclonic-astatic epilepsy; febrile seizures plus with absence seizures; febrile seizures plus with temporal lobe epilepsy (Scheffer et al., 2007); and other seizure phenotypes, including Dravet syndrome or SMEI (Singh et al., 2001). GEFS+ [now termed genetic epilepsy with febrile seizures plus (Scheffer et al., 2009)] is most often due to missense mutations of the 1 and 1 subunits of the sodium channel genes. However, only about 10% of GEFS+ families show mutations in the SCN1A gene (Scheffer et al., 2009). The seizure phenotypes vary widely, even among family members who carry the same mutation. Phenotypes also vary across families because of both different mutations and differences in modifying genes and environmental factors. This implies that modifying genes or environmental factors are required to determine the specific clinical features in this disorder.


  GEFS+ is also characterized by locus heterogeneity and may be associated with mutations in any of four genes ­ three sodium channel subunit genes (SCN1A, SCN1B and SCN2A) and one GABA A receptor gene subunit, GABRG2. GABRG2 mutations have been described in occasional patients with GEFS+ and with childhood absence epilepsy and febrile seizures (Wallace et al., 2001; Dibbens et al., 2009; Scheffer et al., 2009).


  Dravet syndrome or SMEI can occur in families with GEFS+ (Singh et al., 2001), but is usually seen as a de novo protein-truncating mutation of SCN1A (Claes et al., 2001). The phenotype consists of febrile seizures in the first year of life proceeding to other types of seizures including myoclonus, focal seizures, and atonic seizures. There is also progressive developmental deterioration, and this may in part be due to the uncontrolled seizures. About 80% of patients with SMEI have SCN1A mutations, and these are usually de novo truncating mutations, as compared to inherited missense mutations in SCN1A in GEFS+ (Wallace et al., 2003; Mulley et al., 2005b; Harkin et al., 2007).


  The functional studies discussing potential mechanisms of epileptogenesis in GEFS+ and SMEI have recently been reviewed (Ragsdale, 2008). GEFS+ and SMEI are further discussed in this volume (p. 51-88).


  Molecular studies of idiopathic generalized epilepsies


  The first positive linkage study in the epilepsies suggested linkage of juvenile myoclonic epilepsy (JME) to the HLA region on chromosome (chr) 6p (Greenberg et al., 1988). A later study by Elmslie et al. (1997) in the U.K., based on 34 nuclear pedigrees with idiopathic generalized epilepsy, found linkage on chr15q14, and excluded linkage on chr6p. However, no causal sequence variants in the positional candidate gene CHRNA7 were identified. Currently several genes as well as several polymorphisms have been identified for JME (Table 4), but each of these accounts for only a very small proportion of cases of this disorder, and some have not been confirmed by other studies. Thus, even in JME, as in other idiopathic generalized epilepsies, there is evidence for multifactorial or complex inheritance. The genetic background of JME has recently been reviewed (Zifkin et al., 2005; Kobayashi et al., 2008b; Kobayahi et al., 2009d).
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Fig. 2. The multifactorial threshold model of inheritance proposed by Falconer (1965), adapted for epilepsy.
The liability or suscepiibility for the trait is normally distributed in the general population, and the curve is
shified o the right in first degree relatives, so that the frequency of the trait or epileptiform EEG abnormalities
(q) is greater than that in the general population (q,). The heritabilites (degree of genetic determination) of
seizures and EEG abnormalities can be calculated for different degrees of relatives if q, and g, can be
determined for each trait. Adapied for seizures and EEG abnormalites from Falconer (1965).
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Fig. 1. Relative contributions of genetic and acquired factors in patients with epilepsy. From Lennox
(1960): Epilepsy and Related Disorders. Boston: Little Brown & Company (permission requested).
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