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Abstract

Epileptogenesis is defined as the process of developing epilepsy—a disorder characterized by

recurrent seizures—following an initial insult. Seizure incidence during the human lifespan is at its

highest in infancy and childhood. Animal models of epilepsy and human tissue studies suggest that

epileptogenesis involves a cascade of molecular, cellular and neuronal network alterations. Within

minutes to days following the initial insult, there are acute early changes in neuronal networks, which

include rapid alterations to ion channel kinetics as a result of membrane depolarization, post-

translational modifications to existing functional proteins, and activation of immediate early genes.

Subacute changes occur over hours to weeks, and include transcriptional events, neuronal death and

activation of inflammatory cascades. The chronic changes that follow over weeks to months include

anatomical changes, such as neurogenesis, mossy fiber sprouting, network reorganization, and

gliosis. These epileptogenic processes are developmentally regulated and might contribute to

differences in epileptogenesis between adult and developing brains. Here we review the factors

responsible for enhanced seizure susceptibility in the developing brain, and consider age-specific

mechanisms of epileptogenesis. An understanding of these factors could yield potential therapeutic

targets for the prevention of epileptogenesis and also provide biomarkers for identifying patients at

risk of developing epilepsy or for monitoring disease progression.

Introduction

Epilepsy, a disorder characterized by recurrent seizures, is the second most common

neurological disorder, affecting more than 50 million people worldwide.1 Population studies

show that seizure incidence is highest in the first month of life,2 and neonatal seizures can lead

to epilepsy and other neurocognitive disorders in later life.3

Epileptogenesis is defined as the process whereby a neuronal network develops recurrent

epileptic seizures de novo or following an insult, and also the process whereby seizures become

more severe and frequent in chronic epilepsy. Currently available pharmacological treatments

of epilepsy are actually only seizure suppressing, or ̀ antiepileptic'. none are disease-modifying,

or `antiepileptogenic'. Emerging research should yield therapeutic targets for the prevention

of epileptogenesis and also provide biomarkers for identifying patients at risk of developing

epilepsy or for monitoring disease progression. In this Review, we briefly discuss the evidence
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for epileptogenesis as a consequence of seizures in the developing brain, in addition to the

factors responsible for enhanced seizure susceptibility and epileptogenesis during this period

of development. Furthermore, we propose a temporal pattern of molecular, cellular and

network-level changes that could contribute to the process of epileptogenesis in the immature

brain, and we discuss known modulators of the altered processes that could potentially be used

as antiepileptogenic agents.

Epileptogenesis in the clinic

The process of epileptogenesis has been well documented in the clinical and basic science

literature relating to epilepsy. Epilepsy can develop following a variety of brain insults, but the

development of epilepsy after traumatic brain injury (TBI) or stroke are the best characterized

examples of epileptogenesis in adults. Acute early seizures can occur in up to 25% of cases of

moderate to severe TBI,4 and chronic epilepsy develops in 10–25% of individuals following

TBI.5,6 The onset of epilepsy can be delayed following the initial insult and can take 5 years

or more to emerge after TBI.6 In addition, despite controlling acute seizures, the antiepileptic

drugs phenytoin, phenobarbital, valproate4 and carbamazepine7 do not reduce the incidence

of post-traumatic epilepsy. Poststroke seizures account for 11% of all new cases of adult-onset

epilepsy; the severity of epilepsy correlates with stroke size and severity.1

Epileptogenesis also occurs in infancy and early childhood. Aside from the inherited forms of

epilepsy and epileptogenic malformations of cortical development, most cases of early-life

seizures are associated with external insults, such as hypoxic–ischemic encephalopathy,2

fever8 or trauma.9 These external insults can lead to the develop ment of epilepsy in later life.

The highest incidence of pediatric seizures is observed during the neonatal period, and

hypoxic–ischemic encephalopathy is the most common cause. Up to 27% of infants with

neonatal seizures develop epilepsy and/or cognitive and behavioral deficits in later life.10

Febrile seizures are the next most common cause of seizures in the pediatric population, with

a maximum prevalence during infancy and early childhood. Simple febrile seizures are

relatively benign and seem to have few consequences, but prolonged complex febrile seizures

have been shown to correlate with the development of cognitive deficits and epilepsy in later

life.11 The ongoing Consequences of Prolonged Childhood Febrile Seizure Study (FEBSTAT)

is prospectively evaluating the causal relationship between early febrile seizures and the risk

of developing epilepsy in later life.8

Experimental models of epileptogenesis

Models of acquired epilepsy in the mature brain use initiating agents in adult animals to study

the long-term development of epilepsy. Such initiating agents include fluid percussion injury,

12 stroke,13 and chemoconvulsant-induced and electrical-stimulus-induced status epilepticus.
14 The seizures initiated in these models cause early neuronal death, which is followed by the

formation of new synapses from surviving neurons (mossy fiber sprouting), and, ultimately,

the onset of spontaneous seizures.

The process of epileptogenesis in early life, namely infancy and early childhood, is thought to

be somewhat different from that in the mature brain. Consistent with the high clinical

prevalence of epilepsy in infancy and childhood, experimental evidence from a variety of

animal models—with the earliest observations being made over two decades ago15,16—

reveals markedly reduced seizure thresholds in the immature brain (Box 1). With respect to

the developmental regulation of neurotransmitter synthesis, receptors, and transporters, as well

as development of specific neuronal and glial cells populations and myelination, the first two

postnatal weeks of development of the rodent brain are roughly equivalent to the neonatal

period and early infancy (first year of life) in human brain development,17,18 and many rodent

models employ this developmental window. In a model of neonatal seizures, hypoxia induced
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seizures in postnatal day (P)10 rats, resulting in increased later-life seizure susceptibility,

increased neuronal injury following chemoconvulsant insults, and long-term deficits in

cognitive and behavioral tasks.19–21 In addition, febrile seizures in rat pups during the second

postnatal week led to the development of spontaneous seizures later in life, as well as long-

term changes in hippocampal hyperexcitability. MRI shows acute increases in the T2 signal in

the hippocampus following febrile seizures, which potentially reflects tissue injury and edema.

22 The occurrence of spontaneous recurrent seizures has also been observed after induction of

status epilepticus during the second and third postnatal weeks in rodents, by use of

chemoconvulsants such as pilocarpine,23 flurothyl,24 kainate25 and tetanus toxin.26 The main

difference observed between adult-brain and developing-brain models of epileptogenesis is the

relative lack of acute neuronal death in younger animals.27 Epileptogenesis has been

demonstrated in a number of brain regions, but most studies using experimental animal models

have focused on the hippocampus, because of the region's well-characterized network

architecture and afferent and efferent pathways. Hence, in this Review, much of the discussion

is centered on investigations of epileptogenic alterations of hippocampal structure and function.

Seizure susceptibility factors

Seizure susceptibility seems to peak during the intense period of rapid brain growth and

synaptogenesis that occurs in the immature brain. In this section, we review the major classes

of factors that regulate neuronal excitability and have been implicated in conferring this

enhanced susceptibility.

Enhanced excitation in the immature brain

Given that neuronal activity is critical for synaptogenesis and brain development, excitation

predominates over inhibition in neuronal networks of the cerebral cortex and limbic structures

in the neonatal period and during the first few years of life.27 There is an overshoot of synapse

and spine density in the first two weeks of life in rats and in the first year of life in humans and

primates.28,29 Excitatory ion channels and transporters are expressed at levels that promote

excitation, whereas inhibition is relatively underdeveloped compared with later life (Figure 1).

Glutamate is the predominant excitatory amino acid neurotransmitter in neurons, and glutamate

receptors (GluRs) are developmentally regulated in neurons and glia.30,31 Ionotropic GluRs

(iGluRs) are ligand-gated ion channels that permit the flux of sodium ions, potassium ions and

also calcium ions to varying degrees, depending on their subunit make-up.32 The main iGluR

subtypes are N-methyl-D-aspartate receptors (NMDARs), α-amino-3-hydroxy-5-methyl-4-

isoxazole propionate receptors (AMPARs) and kainate receptors. NMDARs consist of an

obligatory NMDAR1 (NR1) subunit in combination with NR2A, NR2B, NR2C, NR2D and/

or NR3A subunits.32 Similarly, AMPARs are composed of combinations of GluR1, GluR2,

GluR3 and/or GluR4 subunits,33 and kainate receptors are heteromeric combinations of

GluR5, GluR6, GluR7, KA1, and/or KA2 subunits.34 NMDARs are always permeable to

calcium, whereas the divalent cation permeability of AMPARs and kainate receptors depends

on the subunit composition of the receptor. When GluR2 expression is relatively low (or

absent), AMPARs are permeable to calcium,33 and kainate receptors become more permeable

to calcium when the GluR5 or GluR6 subunits are absent.34 In addition to iGluRs, glutamate

activates metabotropic GluRs (mGluRs), which are G-protein-coupled receptors that mediate

slow synaptic responses. The mGluRs can be divided into three classes: group I (mGluR1 and

mGluR5 subunits), group II (mGluR2 and mGluR3 subunits) and group III (mGluR4 and

mGluR6 subunits).35

GluR subunits are differentially expressed during development (Figure 1).30 In the immature

brain, neuronal NMDARs contain high levels of the NR2B, NR2A and NR3A subunits. Such

elevated levels of NR2B subunits result in extended current decay times, and the high levels
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of NR2D and NR3A subunits reduce the sensitivity of NMDARs to magnesium ions.32 The

increased expression in the immature brain of NR2B, NR2D and NR3A subunits all contribute

to increased NMDAR-mediated calcium influx and lower the threshold for seizures and

excitotoxic hypoxic–ischemic injury. In addition, this enhanced NMDAR-excitability has been

implicated in the rapid synaptogenesis that occurs during development.

AMPARs are also maturationally regulated, and, in rats, there is a higher prevalence of GluR2

subunit-deficient receptors in the immature brain than in the adult brain, which leads to

increased calcium influx.36,37 Additionally, upregulation of the flip isoform of the GluR1

subunit in early life results in reduced desensitization of AMPARs and extended current

durations.27 Importantly, AMPAR expression in the developing human brain follows a similar

pattern of relative GluR2 deficiency, specifically during the term and the early postnatal periods

in cortical neurons.17,38 Taken together, these characteristic patterns of NMDAR and AMPAR

subunit expression potentially represent age-specific therapeutic targets that could be

modulated to attenuate excitotoxic neuronal injury and seizures in the neonatal brain. Indeed,

the experimental NR2B subunit-specific antagonist ifenprodil suppressed seizures in immature

rat pups.39 Other NMDAR antagonists, including memantine and felbamate, were

neuroprotective in immature rodent stroke models,40,41 but they have not yet been tested in

neonatal seizure models. AMPAR antagonists have been shown to be useful in neonatal stroke

and seizure models.30 Topiramate, an FDA approved anticonvulsant and AMPAR antagonist,

suppressed seizures and long-term neurobehavioral deficits in a rodent seizure model, even

when administered following seizures.20 In addition, the specific AMPAR antagonist

talampanel protected against neonatal seizures in one rodent model.42

Compared with the iGluRs, less information is available regarding developmental regulation

of mGluRs. Results from a study in rodents, however, showed that mGluR1 expression might

peak in the first postnatal week, whereas mGluR2, mGluR3 and mGluR5 levels mature by the

second postnatal week.43 Agonists of group I mGluRs exert proconvulsant effects, suggesting

that elevated levels of receptors from this group might have a role in early excitability.

Conversely, agonists of group II and group III mGluRs have anticonvulsant properties.44

Diminished GABAergic inhibition in early life

While GluR-mediated excitation is enhanced in the immature brain, receptors and the synthetic

enzyme (glutamic acid decarboxylase) for the major inhibitory neurotransmitter γ-
aminobutyric acid (GABA) do not achieve maximal expression levels until the fourth postnatal

week in rats.15,45 Furthermore, whereas GABA is inhibitory and hyperpolarizing in the mature

brain, this neurotransmitter can be excitatory and depolarizing in the immature brain.46 GABA

release can activate GABAA receptors (GABAARs), which are ligand-gated chloride channels.

The paradoxical GABA-mediated excitation occurs because of maturational variations

difference in the intracellular chloride ion concentration, which is maintained by the action of

opposing chloride transporters. Activation of GABAARs in the mature brain hyperpolarizes

neurons, by causing an influx of chloride into the cell. In immature neurons, the intracellular

chloride concentration is higher than the extracellular concentration, so GABAAR activation

leads to an efflux of such ions, thereby depolarizing the cell. This depolarizing effect is largely

attributable to decreased expression of the chloride exporter potassium–chloride cotransporter

(KCC)2 during early development.47 Furthermore, the sodium–potassium–chloride

cotransporter (NKCC)2, a chloride importer, is more highly expressed in the second postnatal

week than later in life.47 Similarly, NKCC1 expression is highest in the human cortex at term,

whereas KCC2 is not expressed until the middle of the first year of life.47 In addition to

developmental regulation, differences in chloride transporter expression and the resultant

function of GABAARs have been observed between male and female rat pups.48 These

expression patterns might contribute to gender differences in epileptogenesis. Furthermore,
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brain-derived-neurotrophic-factor (BDNF)-mediated activation of BDNF receptors reduces

KCC2 messenger RNA (mRNA) and protein levels in rat hippocampal slice cultures following

seizure induction, and also in adult models of kindling-induced epileptogenesis.49 Studies have

demonstrated that the NKCC1 inhibitor bumetanide can block seizures in a rodent model of

neonatal seizures,47,50 and this agent might have potential in the clinic as an antiepileptogenic

therapy.

Ion channel expression promotes excitability

Like ligand-gated receptors, voltage-gated ion channels affect neuronal excitability, and their

expression is developmentally regulated. In neonatal mouse thalamic neurons,

neurotransmitter release depends on both N-type and P/Q-type voltage-gated calcium (Cav)

channels.51 With maturation, this function is taken over exclusively by the P/Q-type channels,

which are formed by Cav2.1 subunits.52 In humans, mutations in the gene that encodes Cav2.1

are thought to be associated with a type of absence epilepsy that has a highly age-specific

presentation.52 Similarly, mutations in the genes KCNQ2 and KCNQ3, which encode voltage-

gated potassium (Kv) channels Kv7.2 and Kv7.3, respectively, are associated with benign

familial neonatal convulsions.53 These mutations interfere with the normal hyperpolarizing

potassium ion current and promote repetitive action potential firing.54

Another potassium channel superfamily member, the hyperpolarization-activated cyclic

nucleotide-gated (HCN) channel, is also developmentally regulated. HCN channels are

important for maintenance of the resting membrane potential and dendritic excitability.55 In

the immature brain, the HCN1 channel isoform is expressed at a relatively low level, but

expression increases with age. Rising levels of HCN1 are associated with reduced dendritic

excitability.56 Selective blockers of HCN channels have been shown to disrupt synchronous

epileptiform activity in the neonatal rat hippocampus,57 suggesting that these developmentally

regulated channels might also be targets for therapy in neonatal seizures.

In addition to mutations in potassium channels, voltage-gated sodium (Nav) channel

abnormalities also have been implicated in a number of early-life epilepsy syndromes.58 The

Nav1.1, Nav1.2, Nav1.3 and Nav1.6 sodium channel subtypes, encoded by the SCN1A,

SCN2A, SCN3A and SCN8A genes, respectively, are the principal sodium channels in the CNS.
58,59 More than 300 mutations in SCN1A have been identified: gain-of-function mutations are

a primary cause of generalized epilepsy with febrile seizures-plus (GEFS+),60–62 whereas

loss-of-function mutations are associated with severe myoclonic epilepsy of infancy (SMEI).

60 Studies using mouse models suggest that SMEI is caused by a selective loss of sodium ion

currents and reduced excitability of GABAergic inhibitory interneurons, which leads to

hyperexcitability, epilepsy and ataxia. In addition, mouse models with mutations in Scn8a and

Scn2a exhibit ataxia and generalized seizures during early postnatal development.63,64

Sodium channel dysregulation seems to be critically linked to early-life seizure syndromes like

GEFs+, Dravet syndrome and SMEI. Furthermore, mutations in sodium channels modify the

phenotypes associated with other genetic causes of epilepsy. The inheritance of multiple

genetic mutations and variants thereof could explain the variable penetrance of some

genetically determined epileptic disorders. Indeed, mice with mutations in both Scn2a and

Kcnq2 have more-severe forms of epilepsy than animals with only one of the mutations.65

Conversely, severe forms of epilepsy that are associated with mutations in Scn1a have been

rescued by a genetic modification of Scn8a.66,67 The results from these mouse studies suggest

that genetic modifiers could contribute to the clinical variability observed in epilepsy

syndromes such as SMEI and GEFS+, and interactions between multiple ion channel variants

might, therefore, have a disease-modifying role in epilepsy syndromes and epileptogenesis.
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The inflammatory response and seizures

Microglial activation occurs after acute seizures in various animal models of epilepsy.68,69

The density of microglia reaches a maximum during brain development in the cortex, which

is also when synaptogenesis is at its peak.70,71 During normal development and following

injury, microglia participate in `synaptic stripping' whereby presynaptic terminals are

eliminated from neurons.72 Anti-inflammatory compounds or agents that inhibit microglial

activation (for example, minocycline and doxycycline) are reported to attenuate injury in

models of excitotoxicity and seizure-induced neuronal death following hypoxia–ischemia.73,

74

The epileptogenic `cascade'

Accumulating evidence indicates that epileptogenesis is likely to be a multifactorial process.

Clinical data and experimental models suggest the following temporal sequence of events. The

initial insult is usually accompanied by acute seizure activity and is followed by a period (latent

or silent) without overt seizure activity. Subsequently, a final stage is reached, which is

characterized by the emergence of spontaneous seizures, an increase in seizure frequency, and

in some cases refractoriness to antiepileptic drugs (Figure 2). In humans, this latent period can

extend for months to years, while in most rodent models the latent phase lasts for 2–12 weeks.

Collectively, experimental data from animal models indicate several major stages in the

epileptogenesis cascade (Figure 2). Early acute changes that occur within minutes to days

following the initial insult include rapid alterations in ion channel activity, post-translational

changes to existing proteins (for example, neurotransmitter receptors) and immediate early

gene (IEG) activation. The subacute period of hours to weeks following the triggering insult

can include processes such as activation of transcription, neuronal death and inflam mation.

Chronic changes that occur over weeks to months include anatomical alterations such as

neurogenesis, mossy fiber sprouting, network reorganization, and gliosis. In the sections that

follow, we review the available literature regarding the temporal sequence of epileptogenesis,

focusing on changes observed in the developing brain (Table 1). Furthermore, we report

potential therapeutic strategies that have been suggested to target the mechanisms involved in

epileptogenesis (Table 2).

Acute changes in epileptogenesis

Induction of immediate early genes—IEGs are transcriptionally activated in response

to neuronal activity, and have been implicated in normal synaptic plasticity and synaptogenesis.

A number of IEGs, including Fos, Jun, Egr1, Egr4, Homer1, Nurr77, and Arc, have been

identified as being transcriptionally activated or upregulated in animal models of epilepsy.75

The molecular cascades associated with IEG induction are initiated by repeated intense

synaptic activation, which leads to depolarization and opening of nmDAR channels. The

subsequent calcium influx can lead to the activation of kinase cascades, which ultimately results

in the phosphorylation of transcription factors, such as cyclic-AMP response element binding

protein (CREB) and CREB binding protein (CBP).76 Following phosphorylation, the

transcription factors undergo translocation to the nucleus, where they activate gene

transcription. The upregulated IEGs can modulate secondary response genes and IEG

`effectors', which in turn modulate synaptic function.76

An increase in the expression of IEGs has been previously described in neocortical and

hippocampal tissue in patients with epilepsy.77–79 Induction of IEGs has been observed in

various animal models of seizures, including chemoconvulsant-induced and electrically

induced kindling models.75 The majority of the changes in IEG expression have been observed

in animal models of adult epilepsy, although some components of the molecular cascades that
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activate IEGs have also been shown to be activated in the developing brain. For example, the

induction of Fos and Jun has been observed in the developing brain in hypoxia-induced seizures

and lithium-pilocarpine status epilepticus models.80–82 The roles of these effectors could

potentially be enhanced in the immature brain, as a number of IEGs, including Fos and Arc,

are developmentally upregulated during the early postnatal period.83

Regulation of ion channels and receptors—The calcium influx following a seizure has

the potential to activate a variety of signaling cascades. Such signaling could affect mechanisms

that are hypothesized to increase synaptic efficiency, including expansion of the postsynaptic

density,84 enlargement of the postsynaptic dendritic spines85 and clustering of the excitatory

neurotransmitter receptors at the postsynaptic density.86 In addition, calcium activates

phosphatases and kinases that alter ion channel and neurotransmitter receptor function. The

calcium-calmodulin-activated phosphatase calcineurin is activated following early-life

hypoxia-induced seizures87 and pilocarpine-induced epileptogenesis.88 Activation of

calcineurin can lead to GABAAR endocytosis, decreased inhibitory postsynaptic potential

frequency and reduced network inhibition in early-life seizures in vivo.87 similarly, the in

vitro induction of seizures in neuronal and whole hippocampal preparations can impair

GABAAR-mediated synaptic inhibition.89 Calcineurin-induced dephosphorylation of

GABAARs results in endocytosis of these receptors.87, 90 In the immature brain, seizure-

induced calcineurin activation can also cause rapid dephosphorylation of Kv2.1 channels,

which leads to their subsequent internalization and prolongation of neuronal depolarization.91

Seizure-sensitive kinase phosphorylation sites on GluRs have also been described in the

immature brain. Protein kinase C activity and calcium-calmodulin-dependent protein kinase

II activity increase within minutes after seizures in rat pups, leading to an increase in phos

phorylation of ser831 on GluR1 and ser880 on GluR2. Protein kinase A activation and phos

phorylation of ser845 of GluR1 are also increased.92 The phosphorylation changes at ser831

and ser845 on GluR1 have been described to increase channel conductance and open-channel

probability, respectively,33 both of which lead to enhanced AMPAR-mediated potentiation

following seizures.92 Increased phosphorylation of ser880 on GluR2 can lead to endocytosis

of the GluR2 subunit and enhanced Ca2+ permeability.33 Importantly, AMPAR antagonists

administered within the first 48 hours after a seizure can prevent kinase activation and

phosphorylation of ser831 and ser845 on GluR1. In turn, the inhibition of phosphorylation

attenuates altered AMPAR function and mitigates against increased seizure susceptibility in

later life.92 Changes in NMDARs mediated by seizure-induced cellular sarcoma kinase

activation have also been reported in adult models. Hypoxia-ischemia in the developing brain

can induce phosphorylation of the NR2A and NR2B receptor subunits via activation of cellular

sarcoma kinases.93

Subacute changes

Neuronal death—Status epilepticus induced by electrical or chemoconvulsant stimulation

results in progressive neuronal loss in the CA3 region of the hippocampus in adult models of

epilepsy.94 This neuronal loss is presumed to alter the balance between excitation and inhibition

in the limbic network, and to represent an important step in epileptogenesis.95 Studies in early-

life seizure models in animals have consistently failed to demonstrate neuronal death in the

hippocampus or amygdala.96 Limited neuronal death in hippocampal neurons can occur in the

immature brain, however, as described in the flurothyl-induced seizure model97 and in a model

of febrile seizures.98

Subplate neurons have emerged as another population of cells in the immature brain that are

susceptible to seizures.99 Such neurons are present in appreciable numbers in the deep cortical

regions during the preterm and neonatal periods and are critical for the normal maturation of
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cortical networks.100 In humans and rodents, subplate neurons possess high levels of AMPARs

and NMDARs.17, 38 These cells, however, lack oxidative stress defenses, so they are selectively

vulnerable to hypoxic-ischemic insults.101 In young kittens, kainate-induced seizures cause a

loss of sub-plate neurons, and, consequently, abnormal development of inhibitory networks.
100 Importantly, administration of clinically available antioxidants, such as erythropoeitin, is

neuroprotective following hypoxia-induced neonatal seizures in rats.102

Neurotrophic factors—Neurotrophic factors and their receptors are abundant and exhibit

increased expression during early postnatal development compared with their levels in the adult

brain, and these molecules are considered to be critical for normal synaptic development.76

Nerve growth factor and BDNF, along with their receptors—members of the tropomyosin-

related kinase (Trk) family of tyrosine kinases—have been extensively studied in epilepsy.

Seizures in early life can increase neurotrophic factor expression (for example, BDNF mRNA

and protein levels in limbic and cortical areas).103 BDNF-mediated TrkB signaling is

important in conferring epileptogenesis in adult rats;104 however the roles of TrkA and TrkC

are less well understood. Mice with a conditional deletion of TrkB in neurons have been

reported to be protected from epileptogenesis.105 TrkB-activated signaling pathways—

including those involving the serine-threonine kinase AKT, extracellular signal-regulated

kinase (ERK) and phospholipase C—have a critical role in mediating synaptic plasticity in

models of long-term potentiation, and a similar process of plasticity might in part mediate

epileptogenesis in kindling models.105 Neurotrophins could also promote epileptogenesis via

their role in modulating the maturational onset of KCC2 expression, which enhances GABA-

mediated synaptic inhibition in dentate granule cells.49

Inflammation—Subacute inflammatory processes occur after seizures, and increased levels

of cytokines, such as interleukin (IL)-δ, IL-1, IL-2, IL-6, tumor necrosis factor and macrophage

colony-stimulating factor, are associated with seizures.106, 107 Changes in cytokine levels

(for example, the interleukins) have been observed in experimental models of adult-onset

epilepsy, but few studies have explored the role of inflammation-related changes in early-life

seizures. Febrile seizures at P10 increase levels of nuclear factor κB (NFκB)1 and NFκB1a,

whereas activation of IL-1β is observed after kainate-induced seizures at P15.106 IL-1β
binding to its receptors can trigger intracellular messenger cascades, leading to targeted

activation of mitogen-activated protein kinase and NFκB1, and subsequent transcriptional

activation.69, 108 Seizures also directly activate microglia, triggering an inflammatory

response mediated by cytokines, complement factors and major histocompatibility class

factors.69 Microglia reach their maximal density in the brain during early development,70,

71 and activation of microglia and their subsequent infiltration of the neocortex following

seizures might also have a role in epileptogenesis. The involvement of microglia in synaptic

modulation and elimination72 during the critical period of development in the first few postnatal

weeks in rodents suggests that microglial activation following early-life seizures might also

target synapses. Indeed, the microglial inactivators minocycline and doxycycline protect

against neuronal death following kainate-induced status epilepticus in adult mice.74 The

neuroprotective effects of microglial inactivators have not been reported in the developing

brain because of the lack of neuronal death observed following kainate-induced seizures during

the second postnatal week. The effects of microglial inactivators on network excitability have

yet to be studied in epilepsy models in the immature brain, and might be of considerable interest.

Transcriptional changes—In addition to rapid and early post-translational regulation of

receptors and ion channels, early-life seizures induce subacute and long-term changes in

neurotransmitter receptor transcription and expression. For example, GluR2 subunit expression

declines following lithium-pilocarpine23 or hypoxia-induced seizures in rats.36 A reduction in

GluR2 protein levels could lead to an increase in the number of calcium-permeable AMPARS,
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and, subsequently, pro-excitatory alterations in calcium signaling and long-term synaptic

potentiation. Excitotoxic insults can activate the transcriptional repressor for GluR2 (repressor

element 1-silencing transcription factor),109 which could provide a mechanistic explanation

for reduced expression of the subunit. In addition, changes in NMDARs following early-life

seizures might downregulate network excitability: for example, a long-term decrease in NR1

and NR2B subunit expression is observed following a single early-life seizure at P7.110 With

respect to mGluRs, early-life seizures seem to induce an upregulation of subunits that promote

excitability, such as the mGluR1 subunit.43

Studies in the adult rat brain show that seizures cause a decrease in the expression of the

GABAAR α1 subunit, which would diminish inhibition.111 By contrast, status epilepticus

models that produce long-term excitability in the immature brain result in an increase in the

expression of the GABAAR α1 subunit. The studies in the immature brain also show a decrease

in GABAAR α4 levels, because of the activation of the transcriptional repressor inducible

cyclic-AMP early repressor by calcium-calmodulin-dependent protein kinase II.23, 112 These

changes could constitute a homeostatic plasticity mechanism to counterbalance

hyperexcitation, but early upregulation of inhibition could also modify neuronal networks to

promote long-term network epileptogenesis.

Seizures in the immature brain also exert varying effects on HCN channel expression and

hyperpolarization-activated current (Ih) function. In adult rats, kainate-induced status

epilepticus leads to a functional decrease in Ih in CA1 neurons and an increase in synaptic

excitability.113 Similarly, hypoxia-induced seizures in P10 rats cause a decrease in the Ih.114

Hyperthermia-induced seizures in immature rat pups, however, cause an increase in Ih, as well

as an increase in the number of HCN channels.57 Hence, in some situations perturbation of

HCN channels and Ih during development might promote epileptogenesis.

Evidence also suggests that the induction of seizures downregulates endocannabinoid receptors

in a rat model of febrile seizures. The cannabinoid type 1 receptor (CB1) is presynaptically

located and modulates glutamatergic synaptic function, and levels of CB1 mRNA and protein

are decreased within days following hyperthermia-induced seizures in P10 rat pups.115

Systemic administration of the CB1 antagonist sR141716A before seizures is not acutely

anticonvulsant; however, it does protect against long-term increases in hippocampal network

excitability, suggesting an antiepileptogenic effect for this compound.115 Notably, similar

decreases in CB1 and CB1 receptor binding protein mRNA and protein levels have been

observed in human mesial temporal sclerosis tissue.116

Chronic changes

Sprouting—In models of epileptogenesis in adult rodents and studies using tissue removed

from chronic epileptic foci in older children and adults, dentate granule cells seem to sprout

aberrant collaterals to the inner molecular layer of the dentate gyrus. These projections form

monosynaptic connections between dentate granule cells, thereby creating a positive feedback

loop and seizure focus.14 Attempts to block protein synthesis with agents such as

cycloheximide have not had consistent effects on sprouting or the prevention of

epileptogenesis.117 A studies has shown that early treatment with rapamycin, an inhibitor of

the mammalian target of rapamycin pathway-mediated protein translation, blocks later-life

seizure activity in a mouse model of tuberous sclerosis.118 By contrast, early-life seizures result

in a different pattern of sprouting whereby the mossy fiber synapses terminate on the basal

dendrites in the CA3 region and the stratum oriens.119 The difference in sprouting patterns

might be partly related to the fact that—at least in the early postnatal rodent models—the

seizures occur before the completion of the connectivity of the dentate granule cells, which is

usually accomplished in the third to fourth postnatal week.
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Neurogenesis—Human studies performed on pediatric autopsy specimens and tissue

biopsies taken during epilepsy surgery show there is an increase in neurogenesis in individuals

with epilepsy compared with controls.120 Rodent models in which chemoconvulsants are

administered during the first four weeks of life also show increased neurogenesis during either

the ictal period119 or postictal period.121 Similarly, a long-term increase in newborn neuron

survival in the dentate gyrus is observed in the prolonged febrile seizure model.122 Recurrent

flurothyl-induced seizures in the first postnatal week, however, result in a decrease in

subsequent neurogenesis in dentate granule cells, a process that normally continues up to the

third postnatal week in control rats.123 The alterations in neurogenesis observed following

early-life seizures clearly varies depending on the experimental model being studied. Aberrant

connections established by immature and newly born neurons following seizures might,

however, have an important role in the epileptogenesis process. Such changes in network re

organization during the chronic phase could be targets for pharmacological intervention.

Further studies regarding the functional consequences of the aberrant neuronal connections

formed during this network reorganization will elucidate the roles of these connections in

epileptogenesis.

Gliosis—Astrocytic gliosis occurs in the chronic stages of epilepsy in the mature brain. The

role of astrocytes and their increased abundance in epilepsy is still controversial: astrocytes

can release substances that are pro-excitatory, such as glutamate, as well as inhibitory

molecules, such as adenosine.124 Several studies in rats have demonstrated that astrocytic

proliferation, following seizures, is more-pronounced in later life than in the first postnatal

weeks.125 The robust nature of reactive astrocytosis in later life seems to correlate with the

cell death observed in adult models of epilepsy.126 The astrocytic glutamate transporters

(excitatory amino acid transporters 1 and 2) are developmentally regulated,127 and their effects

on glutamate reuptake might modulate excitability after early-life seizures.

Clinical biomarkers

Investigations into the basic mechanisms of epileptogenesis have identified a variety of factors

that are involved in epileptogenesis at the molecular, cellular and neuronal network levels.

Substantial research has also been conducted to reliably quantify some of these alterations, in

particular, using imaging and EEG, the findings of which could serve as clinically useful

noninvasive biomarkers for epilepsy progression and epileptogenesis.

In experiments performed in young rats with lithium-pilocarpine-induced or hyperthermic-

induced seizures, MRI reveals hippocampal abnormalities before the development of

spontaneous seizures following the insult,128, 129 which supports the predictive value of this

technique. The FEBSTAT study aims to determine the presence of a similar signature change

in children who are experiencing prolonged febrile seizures.8 Structural MRI has also identified

patterns of hippocampal and neocortical atrophy that might predict disease progression in

temporal lobe and hippocampal epilepsy.130, 131

In addition, the noninvasive blood-oxygen-level-dependent signal of functional mRI might be

useful for the study of interictal and ictal events in patients with focal epilepsy, and might help

to predict the epileptogenicity of certain lesions, especially when used in combination with

EEG.132 PET scanning has revealed metabolic changes that are potentially specific for epileptic

lesions: the α-methyl tryptophan ligand has been shown to be increased in epileptogenic zones

in patients with tuberous sclerosis, compared with controls.133

Digital EEG methods now permit recording at expanded frequency ranges, which have helped

identify novel interictal epileptiform EEG abnormalities, such as very high frequency

oscillations (250–600 Hz), termed `fast ripples'.134 These fast ripples might predict
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epileptogenic regions and the development of epilepsy, and could be noninvasively identified

by means of magnetoencephalo graphy, or through the use of interictal patterns on scalp EEG

in conjunction with functional mRI.135 Fast ripples have yet to be studied in human infants

and children, although they might represent a promising predictive marker for these

populations.

Conclusions

Epileptogenesis results from a temporal progression of cascading molecular and cellular

changes that lead to network reorganization; most of which occur during the latent phase. The

use of stage-specific therapies targeting the individual sequential processes, as briefly

discussed in this article, might offer potential therapeutic strategies for preventing

epileptogenesis following insults to the developing brain. Furthermore, the increasing

comprehen sion of these epileptogenic processes might aid in the develop ment of targeted

antiepileptogenic drugs to complement the currently available anticonvulsant antiepileptic

agents.

Key points

■ Epileptogenesis is defined as the process of developing epilepsy—a disorder

characterized by recurrent seizures—following an initial insult, and the process

evolves through acute, subacute and chronic phases

■ The currently available therapies for epilepsy are predominantly anticonvulsant

and do not modify the epileptogenic process

■ The immature brain exhibits increased excitation and diminished inhibition, and

this enhanced excitability increases the propensity for seizures and epileptogenesis

in infancy and early childhood compared with later life

■ The epileptogenic process in the immature brain evolves via alterations in

molecular, cellular and neuronal network properties; animal models provide

valuable insight into this process

■ Targeting the different phases of epileptogenesis with appropriate therapies might

help develop disease-modifying antiepileptogenic treatment paradigms

Box 1 | In vivo rodent models of epileptogenesis

Immature brain

■ Hypoxia–ischemia (carotid ligation and hypoxia at P7)136

■ Febrile seizures (P10)22

■ Hypoxia-induced seizures (P10)137

■ Tetanus toxin (P10)138

■ Lithium–pilocarpine status epilepticus (P12)139

■ Kainic acid status epilepticus (P14)25

■ Endothelin-induced stroke (P12 and P25)140

Adult brain

■ Lateral fluid percussion injury (traumatic brain injury)12,141

■ Kainic acid status epilepticus142,143
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■ Lithium–pilocarpine status epilepticus144

■ Pilocarpine-induced status epilepticus145

■ intrahippocampal stimulation; perforant pathway stimulation146

■ Amygdala stimulation147

■ Cortical stroke models148

Abbreviation: P, postnatal day.
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Figure 1. Schematic depiction of maturational changes in glutamate and GABA receptor function
in the developing brain30

Equivalent developmental periods are displayed for rats and humans on the top and bottom x-

axes, respectively. Activation of GABA receptors is depolarizing in rats early in the first

postnatal week and in humans up to and including the neonatal period. Functional inhibition,

however, is gradually reached over development in rats and humans. Before full maturation of

GABA-mediated inhibition, the NMDA and AMPA subtypes of glutamate receptors peak

between the first and second postnatal weeks in rats and in the neonatal period in humans.

Kainate receptor binding is initially low and gradually rises to adult levels by the fourth

postnatal week. Abbreviations: AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazole propionate;

GABA, γ-aminobutyric acid; NMDA, N-methyl-D-aspartate; P, postnatal day.
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Figure 2. Time course of epileptogenesis151

An initial insult, such as traumatic brain injury and/or status epilepticus, is followed by a latent

period lasting weeks to months or even years before the onset of spontaneous seizures. During

this latent period, a cascade of molecular and cellular events occurs that alters the excitability

of the neuronal network, ultimately resulting in spontaneous epileptiform activity. The

alterations that occur during the latent period might provide a good opportunity for biomarker

development and therapeutic intervention. The cascade of events that are presently suggested

by experimental evidence can be classified temporally following the initial insult. Early

changes, including induction of immediate early genes and post-translational modification of

receptor and ion-channel related proteins, occur within seconds to minutes. Within hours to

days, there can be neuronal death, inflammation, and altered transcriptional regulation of genes,

such as those encoding growth factors. A later phase, lasting weeks to months, includes

morphological alterations such as mossy fiber sprouting, gliosis, and neurogenesis.
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Table 1

Factors contributing to epileptogenesis in the immature brain

Changes observed Injury modela Time of assessment

Immediate early gene induction

Increased transcription of Fos and Jun mRNA Lithium–pilocarpine induced SE;81

hypoxia-induced seizures80,82

Hours

Post-translational changes in neurotransmitter receptors

Calcineurin activation Hypoxia-induced seizures;87

lithium–pilocarpine-induced SE88

Hours to days

Kv2.1 dephosphorylation Kainate-induced seizures;149

pilocarpine-induced SE91

Hours

GABAA receptor dephosphorylation Hypoxia-induced seizures;87

low-magnesium-induced seizuresb,90

Hours to days

AMPAR phosphorylation Hypoxia-induced seizures92 Hours

NMDAR phosphorylation Hypoxia–ischemia at P793 Hours to days

Neuronal cell-death

Some models exhibit cell death Flurothyl-induced seizures;97

febrile seizures98

Days

Neurotrophic factors

Increased levels of BDNF Kainate-induced SEc,103 Days

Inflammation

Increased levels of cytokines (for example, IL-
δ, IL-1β)

Kainate-induced SE;108

febrile seizures106

Hours to days

TNF Febrile seizures106 Hours to days

Increased levels of NFκB1 and NFκB1a Febrile seizures at P10;106

kainate-induced SE at P15108

Days

IL-1β Kainate-induced SE at P15108 Days

Neurotransmitter receptor expression

Decreased GluR2 subunit expression Hypoxia-induced seizure;36

lithium–pilocarpine-induced SE23

Days

Increased GABAAα1 and decreased GABAAα4

subunit expression
Lithium–pilocarpine-induced SE23,112 Days

Ion channel expression

HCN channels (increased or decreased levels
observed in different models)

Kainate-induced SE;

febrile seizures;115

hypoxia-induced seizures114

Days

Neuronal sprouting

Mossy-fiber sprouting dentate granule cells Flurothyl-induced SE;119

kainate-induced SE150

Days to weeks

Neurogenesis

Increase in neurogenesis and neuronal stem cells Kainate-induced SE;121

febrile seizures122

Weeks to months

Nat Rev Neurol. Author manuscript; available in PMC 2010 February 16.



N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

Rakhade and Jensen Page 23

Changes observed Injury modela Time of assessment

Decrease in neurogenesis Flurothyl-induced SE123 Weeks to months

Gliosis

Increased glia activation Kainate-induced SE;125

flurothyl-induced SE124

Weeks to months

Abbreviations: AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptor; BDNF, brain-derived neurotrophic factor; GABA, γ-
aminobutyric acid; GluR, glutamate receptor; HCN, hyperpolarization-activated cyclic nucleotide-gated; IL, interleukin; Kv, voltage-gated potassium

channel; mRNA, messenger RNA; NFκB, nuclear factor κB; NMDAR, N-methyl-D-aspartate receptor; P, postnatal day; SE, status epilepticus; TNF,

tumor necrosis factor.

a
All experiments were conducted using in vivo preparations except where indicated.

b
In vitro preparation.

c
Experiments were conducted using in vivo and in vitro preparations.
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Table 2

Potential targets for antiepileptogenic therapy for early-life seizures

Mechanism targeted Potential therapeutic optionsa

Acute changes

Immediate early genes Chromatin acetylation modifiers or histone deacetylation inhibitors (for example,
valproate, suberoylanilide hydroxamic acid)

NMDAR NMDAR inhibitors (for example, memantine, felbamate);
NR2B-specific inhibitors (ifenprodil)

AMPAR AMPAR antagonists (for example, topiramate, talampanel, GYKI compounds)

NKCC1 NKCC1 inhibitor (bumetanide)

GABAAR GABAAR agonists (for example, phenobarbital, benzodiazepines)

Protein phosphatases Calcineurin inhibitors (for example, FK506)

Protein kinases Kinase inhibitors (CaMKII inhibitor KN-62, PKA inhibitor KT5720, PKC inhibitor
chelerythrine)

Subacute changes

Inflammation Anti-inflammatory compounds (ACTH); microglial inactivators (for example,
minocycline, doxycycline)

Neuronal injury Erythropoietin, antioxidants, nitric oxide inhibitors, NMDAR antagonists (memantine)

HCN channels Ih-blocker (ZD7288)

CB1 CB1 receptor antagonists (for example, SR14176A, SR141716)

Chronic changes

Sprouting Protein synthesis inhibitors (for example, rapamycin, cycloheximide)

Gliosis Anti-inflammatory agents (for example, COX-2 inhibitors, minocycline, doxycycline)

Abbreviations: ACTH, adrenocorticotropic hormone; AMPAR, α-amino-3-hydroxy-5-methyl-4-isoxazole propionate receptor; CaMKII, calcium–

calmodulin kinase II; CB1, cannabinoid type 1 receptor; COX-2, cyclooxygenase 2; GABAAR, γ-aminobutyric acid receptor A; GluR, glutamate

receptor; GYKI, 1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-benzodiazepine; HCN, hyperpolarization-activated cyclic nucleotide-

gated; Ih, hyperpolarization-activated current; NKCC1, sodium–potassium–chloride cotransporter 1; NMDAR, N-methyl-D-aspartate receptor; NR2B,

NMDAR subunit 2B; PKA, protein kinase A; PKC, protein kinase C.

a
The compounds listed are effective in in vivo experimental models of early-life seizures and/or brain injury, and many represent classes of drugs that

are already in clinical use for other indications.
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