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  Introduction




  Raman Sankar, MD, PhD


  Stéphane Auvin, MD, PhD


  




  The occurrence of an acute seizure in a child can take place in a number of settings. The situation that causes the highest degree of anxiety in parents is typically the first seizure, even though the probability of it representing an acute reactive seizure due to fever or metabolic derangements caused by an acute illness or the presentation of a benign childhood epilepsy syndrome is quite high. The former is more likely to be seen in the emergency department while the latter may just as commonly be seen in the clinic by the pediatrician and be referred to a pediatric neurologist. Acute reactive seizures are also commonly encountered in the critical care unit of tertiary hospitals, where seizures may occur in the setting of anoxia, circulatory failure, complications of hepatic or renal disease, or a sentinel symptom of medication-related toxicity. Management of acute seizures is also part of the life of the family burdened with a child suffering from treatment-resistant, often symptomatic, epilepsies. Each of these situations is attended to by a range of healthcare personnel, depending on the situation and the availability of skilled personnel. A comprehensive understanding of the nature of such a situation contributes to rapid diagnosis, expert management, improved outcome, and helps redirect the attention of physicians to addressing the primary medical problem in an expeditious manner.




  Our goal in compiling this volume was to create a text that focuses on this acute symptom that is so commonly encountered rather than produce another book on clinical epileptology since there are many excellent books pertaining to epilepsy. Thus our anticipated audience for this book includes pediatric neurologists and epilepsy specialists as well as general neurologists, pediatricians, general medical practitioners, nurse practitioners, physician assistants, resident physicians in training in many fields (pediatrics, family medicine, emergency medicine) and medical students. It can also serve as a handy reference for emergency medical personnel involved in providing acute care on the field and in transporting patients.




  In the first chapter Drs Picot and Roubertie address the definition, classification, and epidemiology of acute pediatric seizures; this chapter also provides a framework for developing a differential diagnosis based on the specific presentation of the child with convulsions or altered mental status. Basic science aspects of the propensity of the developing brain to experience seizures and the nature of developmentally determined vulnerabilities of the maturing brain to prolonged seizures are addressed by Dr. Galanopoulou. The topic of neonatal seizures represents a distinctive range of etiologies, clinical presentations, and suffers from severe limitations in evidence-based treatment guidelines. What is known where research is direly needed are discussed by Drs. Pressler and Mizrahi. The broad range of situations that can produce acute seizures, their differential diagnoses are detailed by Drs. Datta and Buchhalter. The clinician is often faced with the assessment of paroxysms that mimic seizures, but do not represent an epileptic seizure. Failure to appreciate these spells can lead to unnecessary testing and interventions. Dr. Fernandez-Alvarez's chapter describes such spells and helps the reader distinguish those from seizures.




  The special relationship between seizures and fever, including syndromes associated with febrile convulsions are adressed in two chapters authored by Dr Desnous and the editors of this volume.




  In the emergency setting, the question as to urgent neuroimaging is an important one. Dr. Salamon discusses the concepts implicit in neuroimaging in that urgent setting, as well as more sophisticated modalities that may be required in select situations to further study the causative “lesion” that may need to be addressed urgently (brain tumor) or if the seizures have the potential to become an enduring problem and emerge poorly responsive to medical therapy (mesial temporal sclerosis, cortical dysplasia). In a companion section, Drs. El Maleh and Sebag provide us with a pictorial essay highlighting commonly encountered (and sometimes rare) structural etiologies. Furthering the theme of neurodiagnostics is a section by Dr Korff on the role of electroencephalogram in the acute evaluation of a seizure or what appears to be altered mental status but may represent non-convulsive status epilepticus or even coma.




  Treatment aspects of acute seizures begin with a chapter addressing whether to initiate pharmacologic treatment or not by Drs. Häusler and Kluger. Drs. Dolce and Hartman discuss acute seizures in a person with epilepsy; understanding the concepts here may aid unneeded testing and direct the clinician to counsel the family on some of the causes, and also provide access to rescue therapy. Dr. Lagae's chapter delves into the detail of treating prolonged seizures, while Drs. Hussain and Chabernaud address the important topic of rescue therapy at home and suggestions for emergency medical technicians who evaluate and stabilize the patient on the field, and transport them to a medical facility when indicated.




  Once the patient is stabilized, if this is the first presentation of a seizure, next questions are what comes next, what is the diagnosis, even more importantly (and urgently, in the family's mind) what is the prognosis? This where a pediatric epileptologist holds many “trade secrets” that emergency care providers and primary care physicians are not privy to, and are typically found mainly in detailed texts on pediatric epilepsy. Drs. Matsumoto and Lerner provide a valuable and concise summary of clinical and diagnostic features that may help formulate an early assessment of possibilities that may either stress the urgency of further work-up and treatment or assist the health care provider support the anxious family with some measure of reassurance.




  The editors identified the scope of this book to be capable of filling an important void in the medical literature addressing the needs of children. The individual authors have strived to meet this need and have done so in a concise and lucid manner. We are pleased to present this volume to the wide audience that may reap benefits from our collective effort.




  Definition, classification and epidemiology of acute seizure in childhood




  Marie-Christine Picot, Agathe Roubertie


  




  Acute seizure (AS) is defined as a recent and new paroxysmal event of epileptic origin. In order to help clinicians and to homogenize the clinical approach, specialists and experts have proposed classifications of seizures and epilepsies that have been discussed, debated and refined. These definitions will be presented and discussed from a more practical approach point of view; up-to-date knowledge concerning the AS epidemiology will be developed.




  Definitions and classification




  ■ Seizure definition and classification




  An epileptic seizure corresponds to a transient occurrence of signs and/or symptoms due to an abnormal excessive or synchronous neuronal activity in the brain. A seizure is a transient and time-limited event, with various manifestations depending on the localisation of onset in the brain, the propagation of the discharges, the maturation of the brain, confounding disease process, sleep-wake state, medications and various other factors. Sensory, motor and autonomic function, consciousness, emotional state, memory, cognition or behavior may be altered or modified during a seizure (Fisher, 2005).




  The first classification of seizures was built up in 1969, and further established in 1981 (Commission on Classification and Terminology of the International League Against Epilepsy, 1981; Gastaut, 1969). The 1981 ILAE system classified seizures on the basis of only 2 criteria: their clinical features and their EEG features. It distinguished generalized and partial seizures, which were separated into simple and complex seizures, depending on whether consciousness was altered. Consciousness was preserved in simple seizures and impaired in complex seizures. Since 2001, this classification has been revisited according to the mode of onset of the seizures, and the distinction according to the level of consciousness in partial seizures has been eradicated. Generalized epileptic seizures are conceptualized as originating at some point within, and rapidly engaging, bilaterally distributed networks. Focal (formerly partial) epileptic seizures are conceptualized as originating within networks limited to one hemisphere. They may be discretely localized or more widely distributed; they are described according to their clinical manifestations (Engel, 2001; Luders, 2006; Berg 2010).




  ■ Epilepsy and definition classification




  Epilepsy represents a brain disorder predominantly characterized by recurrent and unpredictable interruptions of the normal function of the brain resulting in epileptic seizures. The definition of epilepsy only requires one epileptic seizure in association with an enduring disturbance of the brain capable of giving rise to other seizures (Fisher, 2005). The occurrence of one AS is therefore necessary but not sufficient to define epilepsy.




  Epilepsy encompasses a large group of disorders resulting from brain dysfunction. As for the seizures, a classification of epilepsies has been proposed and renewed in 2009, according to recent clinical, genetic, technical and scientific advances in the comprehension of these disorders (Berg, 2010). The epilepsies can be categorized in three groups according to their underlying cause:




  

    	genetic epilepsies: epilepsy is the direct result of a known or presumed genetic defect(s) in which seizures are the core symptom of the disorder;




    	structural/metabolic epilepsies: epilepsy is the result of a structural (stroke, infection, abnormal corticale development) or a metabolic condition (ceroidolipofusinosis, mitochondrial diseases);




    	epilepsies of unknown cause: the nature of the underlying cause is unknown.


  




  ■ Syndromic classification




  Epilepsy (or electroclinical) syndrome is a term that designs a complex of clinical features, signs and symptoms that define together a distinctive, recognizable clinical disorder. Electroclinical syndromes are distinctive disorders identifiable on the basis of a typical age onset, specific EEG characteristics, seizure types, diurnal and circadian cycling, and often other features which permit a specific diagnosis when taken together. However, unlike a disease, a syndrome does not necessarily have a common etiology. Establishment of a syndromic diagnosis helps to determine the treatment, the management and the prognosis (Berg, 2010; Panayiotopoulos, 2012).




  Practical approach




  ■ Acute seizures: semiological diagnosis




  Despite this remodeling of classifications and concepts, the pragmatic approach for the physician toward a patient with a recent paroxysmal event remains unchanged. A semiology-based scheme or a simple description of the fundamental clinical aspects of the event are interesting. The diagnosis of an epileptic seizure is based on a detailed analysis of the ictal event: semiological sequence of the manifestations, duration, potential triggering factors, medication, age of the patient, time at onset (and relationship with sleep); it is of great importance to recognize impairment of consciousness/awareness (although not easy in young patients) or other dyscognitive features, localization, and progression of ictal events (Panayiotopoulos, 2012; Troester, 2009).




  ■ Etiological approach




  From a causal point of view, two subgroups of AS can be distinguished (Commission on Epidemiology and Prognosis, 1993):




  

    	acute symptomatic seizures (ASS) (or situation-related seizures, provoked seizures and reactive seizures) that occur at the time of a systemic injury or in close temporal association with a documented brain injury (Commission on Epidemiology and Prognosis, 1993; Hesdorffer, 1998);




    	unprovoked seizures (US), when no triggering factor can be identified, except the individual susceptibility.


  




  To consider a first epileptic seizure as unprovoked, all potential provoking factors such as an acute cerebral palsy or other extracerebral disturbances (fever, excessive alcohol intake, withdrawal from alcohol or drugs, hypoglycemia, electrolyte disturbance, brain infection, ischemic stroke, intracranial haemorrhage and proconvulsive drugs) must be excluded. A certain degree of confusion is due to the fact that many epileptic seizures have precipitating factors as intermittent photic stimulation, psychological stress or sleep deprivation. Seizures that follow these precipitating factors are not considered as acute symptomatic seizures but instead triggered by these factors in susceptible individuals with an underlying epilepsy disorder (Pohlmann-Eden, 2006; Nakken, 2005).




  The occurrence of US is the basis of epilepsy. Nevertheless, according to the previous paragraphs, the occurrence of one AS is not sufficient to establish the diagnosis of epilepsy. On the other hand, epileptic patients can exhibit ASS and US.




   




  ■ Acute prolonged seizure and status epilepticus




  The duration of an AS is a major severity criteria.




  Status epilepticus (SE) is a life-threatening condition with serious risk of neurological sequelae, thus constituting a medical emergency. The International League Against Epilepsy (ILAE) (Commission on Classification and Terminology of the International League Against Epilepsy, 1989) and the World Health Organization (World Health Organization, 1999) currently define SE as a “condition characterized by an epileptic seizure that is so frequently repeated or so prolonged as to create a fixed and lasting condition”. Status epilepticus is defined functionally as a seizure or recurrent seizures lasting more than 30 minutes from which the patient does not recover consciousness (Commission on Classification and Terminology of the International League Against Epilepsy 1981). The duration parameter to distinguish between AS and SE remains controversial, especially concerning generalized convulsive seizures (Chamberlain, 1997; Lowenstein, 1999). Therefore, an operational definition has been proposed, defining SE as one continuous, generalized, convulsive seizure lasting more than five minutes or two or more seizures during which the patient does not return to baseline consciousness (Chamberlain, 1997; Lowenstein, 1999).




  The term “acute repetitive seizures” (ARS) (or “cluster seizures”, “serial seizures”, “flurry seizures”) describes a condition characterized by multiple generalized tonic, clonic or tonic-clonic seizures or multiple partial seizures with or without secondary generalization in patients with epilepsy occurring over a relatively brief period of time; generally 24 hours.




   




  ■ Differential diagnosis




  Paroxysmal events of non epileptic origin are frequent, especially in childhood. Careful semiological analysis will help the clinician to distinguish epileptic seizures from the various forms of non-epileptic paroxysmal events, especially in children: paroxysmal movement disorders (paroxysmal torticollis, benign tonic upward gaze, shuddering attack), neurological manifestation of digestive disorders (Sandifer syndrome), holding spells (cardiac arythmia, vagal manifestations) (Bonnet, 2010); pseudo-seizures represent a challenging situation for the clinician.




   




  Epidemiology




  Prospective population-based studies indicate that 4 to 10% of children suffer from at least one seizure in the first 16 years of life (Friedman, 2006). The risk of having an unprovoked seizure or epilepsy at some stage in one's life is approximately 3% (Hauser, 1993).




   




  ■ Acute symptomatic seizure




  In the Rochester study, 1% of all children have experienced acute symptomatic seizures by the age of 20 (Annegers, 1995). The age-specific incidence was far higher during the first year of life (253 per 100 000 person-years among children under 1 year). This rate was respectively 42, 18 and 20 person-years among persons aged 1-4, 5-14 and 15-24 years. The type of acute symptomatic seizures depends on age, gender, and time period patterns that reflect the underlying cause. In children aged 1-4 years, the main aetiologies were infection (38%), metabolic insults (22%) and head trauma (15%). Among the 5-14, the two main aetiologies were infection (40%) and trauma (36%). About 5% of children with infections of the CNS have acute symptomatic seizures at the time of infection (Annegers, 1988). About 10% of children who suffer from traumatic brain injury experience seizures shortly after their injury (Hauser 1984, Annegers 1980).




  Febrile seizures (FS), occurring in association with an acute febrile illness, are actually a subcategory of acute symptomatic seizures. FS are common, affecting 2% to 5% of all children by the age of 6 years (van den Berg, 1969; Forsgren, 1990; Verity, 1991; Verburgh, 1992). Overall the risk of developing epilepsy after a FS in children aged 7-10 years is about 2 to 4% compared with about 1% chance in the population without febrile seizures (Nelson, 1976; Annegers, 1987; Verity, 1991).




  The consequences of FSs are strongly influenced by seizure duration. In a recent cohort of 158 children with first FSs (Hesdorffer, 2011), the risk factors for prolonged FS were studied. Only two factors were retained: a developmental delay and the younger age at first FS. This study lends further support to defining 10 minutes as the upper limit for a simple FS.




   




  ■ Unprovoked seizures




  Available studies on first unprovoked seizure almost exclusively concern tonico-clonic seizures (secondarily or primarily generalized) or, occasionally, a first episode of a focal motor seizure. Other seizure types (such as absences, complex partial seizures, myoclonias, epileptic spasms, tonic- or atonic-astatic seizures) occur several times before the person or family becomes concerned (Pohlmann-Eden, 2006; Arzimanoglou, 2007).




  According to the incidence studies of all unprovoked seizures in children conducted in developed countries (Olafsson, 2005; Heijbel, 1975; Doose, 1983; Wendt, 1985; Sidenvall, 1993; Dogui, 2003), the rate ranges from 63 to 134 per 100,000 children per year. Even in studies limited to children, these rates are difficult to compare because of the inclusion of different age groups, different inclusion criteria and in case ascertainment. In all studies, the incidence is the highest in the first year of life and falls after the age of 1 year until the fourth decade with a slight increase in late teenage years (Wallace, 1998; Benn, 2008). In the most recent population-based study in Northern Manhattan (Benn, 2008), the incidence of first unprovoked seizure or newly diagnosed epilepsy was 134.4/100,000 (51.1-217.7) in children under 1-year-old, decreasing to 50.4/100,000 (CI 95%: 24.9-75.9) in children aged 1-4 years old, and continuing to decrease across age categories 5-9 (41.5, CI 95%: 21.8-61.3) and 10-14 years old (30.7, CI 95%: 13.3-48.1). A small increase was observed in the 15-24 years old group (39.8, CI 95%: 26.4-53.1). In most studies, the incidence is higher in males except in the Swedish study of Sidenval et al. (Table I).
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  ■ Risk of recurrence after a first seizure




  Numerous studies, including well-conducted prospective cohort studies (Hauser, 1990; Shinnar, 1996; van Donselaar, 1992; Stroink, 1998) and two randomized clinical trials (First Seizure Trial Group [FIR.S.T. Group], 1993; Marson, 2005) have provided a much more accurate understanding of the overall risk of recurrence after a first unprovoked seizure and have identified factors that distinguish individuals with particularly high and particularly low risks of recurrence (Berg, 2008). The most powerful determinant of recurrence being treatment, two large-scale randomized trials provided definitive estimates of the risk of recurrence after a first unprovoked seizure randomising subjects to immediate treatment or to deferred treatment only in the event of a second seizure. In the initially untreated group, the multicenter study from Italy, FIR.S.T (First Seizure Trial Group, 1993) reported recurrence risks of 18%, 28%, 41%, and 51% at 3, 6, 12, and 24 months after the initial seizure. In the European-wide Multicenter Epilepsy and Single Seizure study (MESS study; Marson, 2005), the risk of recurrence at 6 months, 2, 5, and 8 years after randomization was 26%, 39%, 51%, and 52% in the untreated group.




  The impact of treatment on the risk of recurrence is clearly demonstrated in these two large trials. A 60% reduction in the recurrence rate (treatment effect) was observed for immediate versus delayed treatment group in the FIR.S.T. study. This treatment effect was only about 30% in the MESS study. The difference between the two studies was mainly imputable to the inclusion of newly diagnosed patients and not only first seizure in the MESS study, to a much longer period of observation (up to 8 years) and lastly, the MESS study's untreated arm did have a lower risk of recurrence compared to the FIRST study's untreated arm (about 12% difference at 2 years).




  The observational adult and pediatric prospective studies, taken as a whole, provide an estimate of the 2-year recurrence risk of 40% (Berg, 1991; Wiebe, 2002; Berg, 2008).




  This risk of recurrence is the highest during the period immediately after the initial seizure. In the Nova Scotia series of 168 children with a first seizure (Camfield, 1985), 70% of recurrences occurred within 6 months of the first seizure, 77% by 1 year, and 90% by 2 years. In the series of 407 children from the Bronx with a first unprovoked seizure, 53% of recurrences occurred by 6 months and 88% by 2 years (Shinnar, 1996).




  A small effect was found for age with a higher risk of recurrence in children compared with adults in the FIRST study, but not in the MESS study (Kim, 2006).




  In the Dutch Study of Epilepsy in Childhood, a prospective hospital-based study (Stroink, 1998), the incident seizure was classified initially as epileptic in 170 of 224 children seen after a single event (76%). After follow-up, this initial diagnosis was considered as incorrect in only 4.6% (Stroink, 2003). The overall recurrence rate after two years was 54% (Stroink, 1998).




  Significant risk factors of recurrence were an epileptiform EEG (recurrence rate 71%) and remote symptomatic etiology and/or mental retardation (recurrence rate 74%) in the Dutch Study. After a selective review, Berg came to the same conclusion: abnormal EEG findings and symptomatic etiology are the two most consistent known predictors of seizure recurrence and can be used to identify groups with very high (> 60 or 70%) versus moderately low (< 30%) risks of recurrence. Risk factors observed in children are very similar to those observed in adults (Camfield, 1985).




  Risk is increased by focal versus generalized seizures, by presence of spike discharge on the EEG and by the presence of concomitant neurological deficits. Children with none of these factors have approximately a 20% risk of recurrence and children with all of these factors have about an 80% risk of recurrence (Camfield, 2008).




   




  AS in the emergency room




  For the clinician in the emergency room (ER), when a child presents with a solitary convulsion, it is imperative to make distinction between ASS and US because of the implications for medical care and prognosis.




  Status epilepticus and acute prolonged seizures are the most commonly occurring neurological emergencies in children. Seizures account for 1-2% of all pediatric emergency department (ED) visits, and status epilepticus exists in approximately 6% of these encounters (Huff, 2001).




  Such events have high morbidity and mortality rates along with poor long-term outcomes, depending on their duration and causes. Among children, the incidence of status epilepticus ranges from 4-38/100,000 children per year respectively (DeLorenzo, 1996; Hesdorffer, 1998; Wu, 2002; Vignatelli, 2003; Sasidaran, 2011). The incidence in developing countries is somewhat higher because of infections.




  In a prospective population-based study including children aged between 29 days and 15 years with episodes of convulsive status epilepticus (CSE) (Chin, 2006), incidence of SE was between 17 and 23 episodes per 100,000 children per year. The incidence was the highest in children younger than 1 year (51 per 100,000 per year, 95% CI: 35-66) in particular in the acute symptomatic group.




  In a Finnish population-based study with 84,000 children younger than 16 years, the annual incidence of convulsive seizures was determined according to the duration of seizure. The incidence of seizures lasting more than 5 minutes, in children younger than the age of 16 years, was 47/100,000 and the incidence of seizures lasting more than 30 minutes was 27/100,000 (Metsäranta et al., 2004).




  Of 226 children enrolled in the North London study (Chin, 2006), 176 had first episodes of CSE: 56% (95% CI 48-63) of those children were neurologically healthy before this first episode. The most common cause of convulsive status epilepticus was prolonged febrile seizure (57%, 95% CI: 47-66), which is associated with low morbidity and mortality (Hesdorffer, 1998; Nelson, 1978).




  In children with first febrile convulsive status epilepticus, a high likelihood of acute bacterial meningitis has to be highlighted (12%, 95% CI: 6-18) in comparison with the range of causes in adults.




  A substantial proportion of children with first CSE (16%, 95% CI: 10-24%) will have a recurrence within one year. The mortality rate of 3% (95% CI: 2-7%) noted in this study was similar to that previously reported (DeLorenzo, 1996; Wu, 2002).




  Eriksson et al. analyzed factors contributing to the duration of a single convulsive seizure in 157 children with prolonged seizure episode lasting more than 5 minutes (Eriksson, 2005). They studied in particular the association between treatment delay and treatment response (time from the initiation of the treatment to the end of the clinical seizure activity). Medically treated episodes were compared with seizure episodes resolving without treatment. Etiology of the seizure episode was the most significant predictor of seizure duration and need for early medical intervention: Acute symptomatic seizures, remote symptomatic or idiopathic never or rarely resolved spontaneously, whereas more than 25% of febrile seizures did. The only other factor was the age of patients with a low median age in spontaneously resolved seizure group.




  For the clinician, the real issue related to the diagnosis of first unprovoked seizure or acute symptomatic seizure is represented by the predictors of seizure recurrence and by the underlying etiologies because of the implications of medical care. Although the definition of status epilepticus is based on duration of seizures, the operational definition is to treat as status epilepticus any child who is brought seizing to the emergency room. An urgent time bound approach is of paramount importance when managing a child in status epilepticus.
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  Introduction




  Epileptic seizures occur in 1.8-5 out of 1,000 live births in the USA. Although seizures may occur throughout the lifespan, they show predilection for the early years of life, and in particular neonates. Many factors can contribute to this higher prevalence of seizures in the pediatric ages. First, this is the period of first encounter with “precipitating factors”, such as febrile illnesses. Second, many underlying etiologies for epilepsies accelerate the age of onset of first appearance of seizures. But most importantly, the developing brain is more vulnerable to seizures, because of the immature neuronal physiology and the incomplete development of the neuronal networks that control seizures.




  Seizures in developing animals can be phenomenologically different than those that manifest in older ages. It is common to see multifocal seizures in newborns, for instance, both because of incomplete myelination of their brain, and also because of the increased excitability of the brain. Certain seizures and epilepsy syndromes are age-specific, with classical example the infantile spasms. The age-specific differences in connectivity and functionality of different brain regions are important contributors in the age-specific semiology of seizures. Furthermore, the influence of other systems, such as neuroendocrine, has been thought to play important role in the expression or disappearance of certain seizure types. These age-specific factors may also alter the pharmacosensitivity of seizures. For example, the developmental changes in the function of GABAA receptors, a popular target of many available antiseizure medications, have been proposed to underlie the decreased sensitivity of neonatal seizures to GABAA receptor agonists, like benzodiazepines.




  The utilization of animal models of seizures and epilepsies has provided helpful insights into the pathogenesis and control of seizures in the developing brain. Immature animals have increased susceptibility to develop seizures and greater propensity to generalize compared to older animals. Yet, immature animals are less likely to develop subsequent epilepsy or seizure-induced pathology in response to the same precipitating event. In the subsequent sections, we will review some of the theories proposed to explain the age-specific vulnerability to seizures, age-specific factors that control their phenomenology and the consequences of seizures. The implications of these findings for the treatment and management of early life seizures in the clinical arena will also be discussed.




  Developing rodents as models of the developing humans




  Rodents have been extensively used in epilepsy research to model seizures and epilepsy, as they bear some relevance to the pathophysiology and expression of human seizures and epilepsy. A postnatal day (PN) 8-13 rodent is thought to be equivalent to a full-term human newborn, based on measures of brain growth and DNA content (Galanopoulou & Moshe, 2011; Benjamins & Mckhann, 1972; Dobbing, 1974). Eye opening occurs between PN13-15 in rodents, weaning from the dam around PN21, puberty begins at PN32-36, adulthood is reached at PN60, whereas the expected lifespan is almost 2 years. However, the maturation of individual developmental processes (myelination, neurogenesis and migration, neuronal differentiation and synaptogenesis, as well as the trajectories of acquisition of neurodevelopmental milestones) differs across species (Galanopoulou & Moshe, 2011). Therefore, although experimental models have proven invaluable in proof-of-concept studies, translation of their findings into humans, especially during the early years of development, needs to be cautiously done considering the multifold and age-related differences across species. Here we will primarily present an overview of the concepts on the pathophysiology of early life seizures that have been supported by experimental data and will discuss how they can relate to human seizures.




  Why is the immature brain more likely to develop seizures?




  The developing brain has fundamental differences from the adult, in regards to its structure, wiring, and physiology. At the signaling level, classical examples are the developmental functional changes observed in the main inhibitory and excitatory neurotransmitter systems operated by GABA and glutamate receptors.




  GABA-mediated inhibition is inefficient in developing neurons, because of both presynaptic and postsynaptic factors that diminish its capacity to hyperpolarize neurons. Presynaptic GABA supply can be smaller than in the adult brain because GABAergic interneurons have not completed their migration yet or because GABAergic synapses have not fully developed (Danglot et al., 2066). The subunit composition of GABAA receptors changes with preferential early expression of subunits conferring slow kinetics (Laurie et al., 1992; Chudomel et al., 2009). Most importantly, GABA can exert paradoxical depolarizing effects instead of hyperpolarizing when it signals through GABAA receptors in immature neurons (Galanopoulou, 2008a; Farrant & Kaila, 2007; Ben-Ari, 2002) (Figure 1). GABAA receptors are GABA-gated Cl- channels (Galanopoulou, 2008; Farrant & Kaila, 2007). Early in development there is a preponderance of Cl-importers in neurons, such as the Na+/K+/Cl- cotransporter NKCC1, over Cl- exporters, like the K+/Cl- cotransporter KCC2. This results in elevated intracellular Cl- (Plotkin et al., 1997; Rivera et al., 1999). Activation of GABAA receptors, therefore, forces Cl- outwards causing neuronal depolarization (Galanopoulou, 2008a; Farrant & Kaila, 2007; Ben-Ari, 2002; Plotkin et al., 1997; Rivera et al., 1999; Galanopoulou, 2008b. During development, there is a gradual increase in the Cl- importing cotransporter KCC2 which lowers intracellular Cl-, and facilitates the appearance of the mature hyperpolarizing GABAA receptor responses (Rivera et al., 1999) (Figure 1).




  [image: ]




  Depolarizing GABA is not necessarily excitatory and is certainly necessary for normal and sex-appropriate brain development (Farrant &Kaila, 2007; Ben-Ari, 2002; Galanopoulou, 2008c). Depolarizing GABA responses activate voltage-sensitive Ca++ channels and calcium-sensitive signaling pathways that are involved in neuronal differentiation, migration, and proliferation. Precocious shift of GABAergic responses to hyperpolarizing may disrupt the maturation of dendritic processes and excitatory synapses, compromising the ability of neurons to communicate and process information (Farrant &Kaila, 2007; Ben-Ari, 2002; Galanopoulou, 2008c; Cancedda et al., 2007; Wang & Kriegstein, 2008; Wang & Kriegstein, 2011). The timing of this shift is cell type-, age-, sex-, and region-specific and may also be affected by various epigenetic factors (Galanopoulou, 2008b; Galanopoulou, 2008c; Kyrozis et al., 2006) (Figure 2). In certain sexually dimorphic brain regions, such as the hippocampus and substantia nigra, the maturation of GABAA receptors occurs earlier in females (Galanopoulou, 2008c). It is unclear when this GABAA receptor functional shift occurs in humans, as it is not possible to perform the necessary electrophysiological in vivo studies in humans. Indirect evidence from KCC2/NKCC1 expression studies in human cortical tissues indicates that KCC2 expression begins to increase towards the end of gestation whereas the developmental increase in KCC2/NKCC1 expression proceeds throughout the first year of life (Dzhala et al., 2005; Vanhatalo et al., 2005; Jansen et al., 2010). It has therefore been proposed that GABA may be depolarizing in cortical regions, at least during the human neonatal period. This may also explain the lower efficacy of GABA-acting antiseizure drugs (benzodiazepines, barbiturates) in stopping neonatal seizures (Dzhala et al., 2005).




  Loop diuretics inhibit the activity of cation/Cl- cotransporters. Bumetanide preferentially inhibits NKCC1 whereas furosemide has higher affinity for KCC2 inhibition (Rusell, 2000). Indeed, bumetanide has been used to enhance the efficiency of barbiturates to suppress neonatal seizures (Dzhala et al., 2005) and may inhibit kindling in neonatal rats (Mazarati et al., 2009). The asynchronous maturation of GABAA receptor function across cortical and subcortical brain regions has also been implicated in the higher propensity of barbiturates to suppress seizures in subcortical rather than in cortical regions, resulting in electrographic, nonconvulsive seizures (Glykys et al., 2009). Clinical studies are currently in progress to determine the potential therapeutic benefit of bumetanide in the treatment of neonatal seizures.




  Glutamate receptors also change during development. NMDA receptors (NRs) are voltage dependent and Ca++ permeable. Their subunit composition early in life favors extrasynaptic localization, slow kinetics (NR2B), decreased Ca++ permeability (NR3), and reduced sensitivity to Mg++ blockade (NR2D, NR3) (Benarroch, 2011; Lau et al., 2009; Rakhade & Jensen, 2009). The subsequent increase in NR2A increases the postsynaptic localization of NRs, which acquire faster kinetics and increased Ca++ desensitization. NR binding studies have also demonstrated age and region specific patterns (Insel et al., 1990). Immature neurons are also relatively deficient in glutamate receptor 2 (GluR2), compared to more mature neurons, rendering AMPA receptors more Ca++ permeable (Lau et al., 2009), and also exhibit higher expression of the flip GluR1 isoform, that reduces AMPA receptor desensitization (Rakhade & Jensen, 2009). Based on these subunit expression patterns, NMDA and AMPA receptor mediated Ca++ signaling increases during development and gradually declines towards adulthood (Figure 2).




  Brain maturation also affects the manner in which neuronal networks function to control the expression of seizures. The substantia nigra pars reticulata (SNR), a collection of predominantly GABAergic neurons with widespread connections, is one of those nuclei well known to suppress seizures in a variety of models, when GABAA receptor agonists are intranigrally infused (Iadarola & Gale, 1982; Moshe & Albala, 1984; McNamara et al., 1984; Loscher et al., 1987; Depaulis, 1992). However, its role changes as a function of age and sex. Infusions of GABAergic agonists in the anterior SNR, may havent proconvulsant effects or no effect at all in immature pups, depending upon the sex, whereas in adults they exert anticonvulsant effects. As the SNR receives significant GABAergic input, particularly during seizures, it has been proposed that intranigral infusions of GABAergic agonists may mimic the conditions operant during seizure activity. Consequently, the immaturity of the anterior SNR function in controlling seizures may contribute to the faster propagation and generalization of seizures in young subjects (Veliskova & Moshe, 2006, 2001; Sperber et al., 1999; Moshe et al., 1995; Wurpel et al., 1992) or the tendency for seizures to last longer than in older age groups. The generation of seizures however is multifactorial and entails not only neurotransmitter systems or neuronal networks controlling neuronal excitability, but also includes interactions with glia and extracellular matrix, neuroimmune interactions, vascular changes, blood brain barrier breakage, and systemic or epigenetic factors.
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Table I. Incidence of all unprovoked seizures (per 100,000) (Hauser, 2008).
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Figure 1. Developmental shift in GABA, receptor responses fiom depolarizing to hyperpolarizing is driven by a
gradual increase in KCC2 and decrease in NKCC1 activity.

‘GABA, receptors are ligand activated Cl- channels, the function of which is controlled by the intracel-
lular: extracellular Cl- gradient. Early in development, there is a relative abundance of functional Cl-
importers, like NKCC1, over Cl- exporters, like KCC2. As a result, the intracellular concentration of Cl-
in increased, and upon activation and opening of the GABA, receptors, Cl- flows outwards, leading to
depolarization. GABA depolarizations are developmentally important s they activate voliage-sensitive
calcium channels (L-VSCCs, NMDA receptors), controlling vital intracellular processes, as shown here.
During maturation, the gradual increase in the expression and activity of KCC2 and reduction of NKCC1
diminish intracellular chloride. Activation of GABA, receptors, in this setting, leads to Cl- influx and
hyperpolarizing responses. The timing of this shift s cell type, region, and age specific (Farrant & Kaila,
2007; Ben-Ari, 2002; Galanopoulou, 2012b, 2012c; Ritter et al,, 2002). Modified from Galanopoulou,
20083, with permission from Bentham.





