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drome in the neonatal period, epilepsy of infancy with migrating focal seizures, West syndrome or infantile
spasms, Dravet syndrome during infancy, Lennox-Gastaut syndrome, epileptic encephalopathy with continuous

g;ﬁfg;ﬁncephalopathy spikes-and-waves during sleep, and Landau-Kleffner syndrome during childhood. The inappropriate use of this
Epileptic encephalopathy with continuous term to refer to all severe epilepsy syndromes with intractable seizures and severe cognitive dysfunction has
spikes and waves during sleep led to confusion regarding the concept of epileptic encephalopathy. Here, we review our current understanding
Infantile spasms of those epilepsy syndromes considered to be epileptic encephalopathies. Genetic studies have provided a better
Inflammation knowledge of neonatal and infantile epilepsy syndromes, while neuroimaging studies have shed light on the un-
Lennox-Gastaut syndrome derlying causes of childhood-onset epileptic encephalopathies such as Lennox-Gastaut syndrome. Apart from in-

fantile spasm models, we lack animal models to explain the neurobiological mechanisms at work in these
conditions. Experimental studies suggest that neuroinflammation may be a common neurobiological pathway
that contributes to seizure refractoriness and cognitive involvement in the developing brain.
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The concept of Epileptic Encephalopathy (EE) suggests that not only
the seizures but also the epileptiform abnormalities themselves can
have an impact on cognition and behavior, above and beyond what
might be expected from the underlying pathology alone (e.g. cortical
malformation), and that these impairments can worsen over time
(Berg et al., 2010). In addition to the syndromes defined as EEs
(Table 1), the encephalopathic effects of seizures and interictal epilepti-
form abnormalities may potentially occur in association with any form
of epilepsy. However, the term ‘epileptic encephalopathy’ is often
used inappropriately for all neurological diseases with severe features,
such as intractable seizures and severe cognitive dysfunction. This
might be due to the proportion of patients who do not fulfill the criteria
for any currently defined epilepsy syndrome (Berg et al,, 2010). We sug-
gest that the use of the terms EE should be restricted to patients consis-
tent with the above definition because this will affect the treatment
choices.

Our understanding of the mechanisms of EE is currently limited. The
involvement of ion channels, neurotransmission and synaptic function
genes has been increasingly evoked. Other contributing factors, such
as neuroinflammation, probably also play a role in the pathophysiology,
and anti-inflammatory steroids have in fact been used as an effective
treatment in most EEs (Gupta and Appleton, 2005; Arya et al., 2012).
Neuroinflammation has been widely studied since its involvement in
ictogenesis was first established (Vezzani et al., 2013). More recently,
experimental studies also report a role of inflammation in the cognitive
and behavioral comorbidities of epilepsy.

We believe that studying the specific electroclinical characteristics of
EEs will help us to reach a better understanding of the effects of seizures
on brain function and their potential to cause lasting deleterious chang-
es in the developing brain. In this review, we describe current knowl-
edge of the mechanisms underlying epilepsy syndromes considered
EEs, and we describe the most recent data on the role of inflammation
in cognition and behavior in addition to its effect on ictogenesis and
epileptogenesis.

1. Neonatal epileptic encephalopathies

The recent report of the International League Against Epilepsy (ILAE)
commission on classification and terminology (Berg et al., 2010) recog-
nizes three neonatal electroclinical syndromes: Benign Familial Neona-
tal Epilepsy (BFNE), Early Myoclonic Encephalopathy (EME), and
Ohtahara syndrome (OS). While BENE is a self-limited form of epilepsy

Table 1
Electroclinical syndromes considered epileptic encephalopathies, arranged by age at
onset.

Neonatal period
Early myoclonic encephalopathy
Ohtahara syndrome
Infancy
Epilepsy of infancy with migrating focal seizures
West syndrome
Dravet syndrome
Childhood
Lennox-Gastaut syndrome
Epileptic encephalopathy with continuous spike-and-wave during sleep
Landau-Kleffner syndrome

associated in most cases with normal development, EME and OS are
characterized by a severe disruption of cerebral functions associated
with seizures, often intractable. The implementation of video-EEG mon-
itoring in the Neonatal Intensive Care Unit has allowed for a better def-
inition of the different electroclinical phenotypes of neonatal epilepsies.
At the same time, significant advances in epilepsy genetics have led to
the discovery of new genes in epileptic encephalopathies (CDKL5,
KCNQ2, KCNT1).

EME and OS share an important feature: a burst-suppression pattern
(BS) on EEG, although there has been much discussion concerning spe-
cific differences between the BS patterns of these two syndromes
(Aicardi and Ohtahara, 2005). BS consists of short periods of high-
voltage activity with mixed features including spikes and slow waves,
without age-appropriate activity alternating with periods of marked
background attenuation (Fig. 1). Although neonates presenting with
BS may have different underlying etiologies (hypoxic-ischemic enceph-
alopathy, congenital metabolic disorders, extensive brain malformation,
gene mutation), the pathophysiology of BS is a fascinating question.
Steriade and colleagues provided the first cellular data on the EEG BS
pattern (Steriade et al., 1994). They showed that at the cortical level,
EEG bursts are always associated with a phasic synaptic depolarizing in-
tracellular potential, occasionally crowned by action potentials, in virtu-
ally all recorded neurons, while suppression epochs are due to the
absence of synaptic activity among cortical neurons. Interestingly, in
contrast to cortical neurons, only 60-70% of thalamic cells ceased firing
and were completely silent during the suppressed periods of EEG
activity. The remaining 30-40% of thalamic cells discharged rhythmic
(1-4 Hz) spike bursts during the period of EEG silence. Their findings
demonstrated a close correspondence between neocortical and thalam-
ic activity. The bursts originated from thalamocortical cells with pre-
served oscillatory properties during periods of electrical silence in
the neocortex (Steriade et al., 1994). Using Single-Photon Emission
Computed Tomography (SPECT), and Positron Emission Tomography
(PET), Hirose et al. showed interictal hypoperfusion/hypometabolism
of bilateral basal ganglia, the thalami and the right parieto-occipital cor-
tex in one case of EME (Hirose et al., 2010), suggesting that the EME may
be characterized by functional deafferentation of the cortex from sub-
cortical structures. An electrical source imaging study found that activi-
ty during the bursts was associated with coherent sources in the
thalamus, brainstem and cortical regions, whereas suppression phases
were associated with coherent sources only in the cortical regions,
reflecting the complete deafferentation of cortical structures from sub-
cortical ones (Japaridze et al., 2015). The immature connectivity and in-
complete myelination of the neonatal brain may predispose it to
effective deafferentation between cortical areas and between the cortex
and sub-cortical structures (Dubois et al., 2014).

Many of the investigations regarding the pathophysiology of
OS have been focused on genetic mutations. Mutations in the X
chromosome-linked Aristaless-related homeobox gene (ARX) were ini-
tially reported in nine families with mental retardation (syndromic and
nonspecific), various forms of epilepsy, including infantile spasms and
myoclonic seizures, and dystonia (Stromme et al., 2002). Since then,
several other mutations of the ARX gene have been reported (Fullston
etal., 2010; Eksioglu et al., 2011) and associated with a spectrum of phe-
notypes, ranging from OS (Giordano et al., 2010; Kato et al.,, 2010) to X-
linked Infantile Spasms Syndrome (ISSX) (Stromme et al., 2002; Kato
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Fig. 1. A and B: Polygraphic EEG recording showing a burst-suppression pattern in a 4-week old infant with Ohtahara syndrome with STXBP1 mutation, recorded during sleep (A) and
wakefulness (B). The bursts consist of high-amplitude spikes and slow waves lasting 1-2 s and appearing synchronously over the two hemispheres, intermixed with periods of low-
voltage activity. A cluster of tonic spasms during wakefulness is shown in (B), with the characteristic diamond shape of the EMG over the left and right deltoids associated with a
diffuse high-amplitude slow wave on EEG and an altered respiratory pattern with chest movements occurring almost exclusively during the burst phase. The polygraphic recording
demonstrates fragmentary low-amplitude myoclonic jerks involving both extremities and shifting randomly from one side to another. Gain 10 pV/mm; high-frequency filter, 60 Hz;

paper speed, 15 mm/s.

et al., 2003). Animal models of ARX alterations (Colombo et al., 2007,
Colasante et al., 2008, Friocourt et al., 2008, Marsh et al., 2009) have
demonstrated neuron-specific ARX inactivation with the subsequent
loss of function of GABAergic interneurons. Thus, an error of the

GABAergic system might play a critical role in the BS pattern in the
case of ARX mutations. Interestingly, a similar unbalanced distribution
of GABAergic interneurons between the striatum and the cerebral cor-
tex has recently been demonstrated by post mortem neuropathological
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investigations in an infant with neonatal-onset EE and BS, although an
ARX mutation could not be demonstrated (Inoue et al., 2013).

Alternatively, the in vivo inhibition of the glutamate transporter in
rat pups generates an abnormal EEG pattern close to BS, consisting of bi-
lateral recurrent bursts of spikes alternating with periods of EEG silence
(Milh et al., 2007). These animal data suggest that the deficient trans-
port of glutamate may be a potential cause for early onset epilepsies
with a BS pattern.

More recently, de novo mutations in the STXBP1 (Syntaxin Binding
Protein 1) gene - also known as Munch18-1 - have been found to be
associated with OS (Saitsu et al., 2008). This gene is considered a
major cause of OS even though mutations in STXBP1 have also been im-
plicated in other early-onset epilepsies including West syndrome. A
clear phenotype-genotype correlation has not yet emerged. STXBP1/
Munch18-1 is a regulatory component of the SNARE (Soluble NSF
attachment protein receptors) complex, which is involved in a late
step of neuronal exocytotic fusion (Shen et al., 2007). Synaptic vesicle
fusion is mediated by the concerted action of the two SNARE protein
families, which play a major role in neurotransmitter release. Among
SNARE proteins, syntaxin-1 is unique in including an N-terminal pep-
tide (N-peptide) that binds to Munch18-1, and a large conserved Hapc
domain that also binds to Munch18-1. The N-peptide and the H,p. do-
main of syntaxin 1 have distinct and independent roles in synaptic ves-
icle function, indicating that the complex domain structure of syntaxin-
1 is required for its multifaceted role in different types of synaptic vesi-
cle fusion (Zhou et al., 2013). Taken together, these studies shed light on
the pathophysiology of OS, which, in the setting of normal brain archi-
tecture, could be related to altered neurotransmission.

Other genes have been reported as a cause for OS, including KCNQ2,
CDKL5, and KCNT1 (Pavone et al., 2012, Kato et al., 2013, Saitsu et al.,
2012). Diseases associated with these genes share with OS their age at
onset, developmental delays, and intractability of the seizures. Howev-
er, the recognition of distinct electroclinical phenotypes suggests that
they represent specific etiology-related syndromes (Melani et al.,
2011; Numis et al., 2014, Ohba et al,, 2015).

1.1. KCNQ2-encephalopathy

Mutations in KCNQ2, encoding the voltage-gated potassium channel Ky
7.2, were initially identified as the major cause of BENE (Ronen et al., 1993;
Singh et al., 1998). The Ky, 7.2 channel underlies the muscarine-regulated
M-current, a widely distributed slow-activating or non-activating current
that plays a dominant role in modulating neuronal excitability by causing
spike-frequency adaptation and setting the subthreshold membrane po-
tential (Shah et al., 2008). Most KCNQ2 mutations associated with BFNE
result in mild or complete loss of function of the mutant allele, so that
haploinsufficiency represents the major pathophysiological mechanism
(Soldovieri et al.,, 2007; Soldovieri et al., 2014).

Aremarkable twist in the KCNQ2 story occurred with the report of de
novo mutations in children with a severe epilepsy syndrome
(Weckhuysen et al., 2012). This so-called “KCNQ2 encephalopathy” is
characterized by intractable seizures with a neonatal onset, associated
with a severely abnormal interictal EEG pattern, either BS or multifocal
epileptiform abnormalities, and severe developmental delays. More
recently, several dozen patients have been reported. Since many of
these patients were diagnosed well after the neonatal period, the
electroclinical phenotype could not be differentiated from Early Myo-
clonic Encephalopathy (EME) or OS (Weckhuysen et al., 2012; Kato
et al,, 2013; Milh et al., 2013; Weckhuysen et al., 2013). Recent reports
of patients diagnosed during the neonatal period have delineated a dis-
tinct neonatal electroclinical phenotype as well as a dramatic response
to sodium-channel blockers (carbamazepine or intravenous phenytoin)
(Numis et al., 2014). The onset of seizures almost always occurs during
the first week of life. Seizure semiology consists of a tonic component
with or without clonic jerking, often associated with autonomic features
such as apnea and desaturation. Seizure frequency is high with 10 or

more seizures per day or even per hour. The seizures appear to be resis-
tant to most treatments. However, in many cases, they tend to decrease
in frequency or resolve after the first two years of life. The ictal EEG
shows the onset of low-voltage fast activity over a single hemisphere
followed by focal spike-and-wave complexes. While seizures are quite
short in duration, the post-ictal phase is characterized by marked and
prolonged diffuse voltage attenuation. The interictal EEG is character-
ized by multifocal epileptiform abnormalities, intermixed with random,
asynchronous attenuations (Numis et al., 2014).

The fact that mutations in the same gene can give rise to either be-
nign or severe epilepsies or development demonstrates the importance
of KCNQ2 in brain development, and suggests that the resulting potassi-
um current may be differently affected in the two types of diseases. A
functional study comparing the impact of mutations in KCNQ2 found
in children with BFNE and in children with KCNQ2-encephalopathy
shows more dramatic functional deficits in channels carrying mutations
associated with more severe epileptic phenotypes (Miceli et al., 2013).
In order for the KCNQ channel to properly allow ion flow, all four gates
of the tetramer must work in tandem. If one of the subunits has a muta-
tion leading to electromechanical uncoupling or pore-blocking, the
tetramer becomes non-conducting, despite 3 normal wild-type sub-
units. This dominant-negative effect is exhibited by many of the muta-
tions leading to KCNQ2 encephalopathy, with a pronounced loss of the
M-current in the severe phenotypes (Orhan et al., 2014).

The severe phenotype seen in KCNQ2 encephalopathy may be fur-
ther explained by the separation of the mutated potassium channels
from their usual axonal partner, the voltage-gated sodium channels. In
a typical cell, ankyrin-G forms a submembrane framework that binds
potassium and sodium channels together in the initial axon segment.
The failure of the appropriate clustering of channels in the membrane
can lead to abnormal excitability (Yue and Yaari, 2006; Soldovieri
et al,, 2007). This theory provides further grounds for the development
of pharmacologic interventions that could reconnect or bind the chan-
nels together and prevent the excessive or sustained firing of action po-
tentials seen with seizures. Finally, a recent work has revealed a
previously unexplored level of complexity in pathogenic mechanisms.
Indeed, some of the mutations stabilize the activated state of the chan-
nel, thereby producing gain-of-function effects, suggesting that changes
in network interactions through these gain-of-function mutations,
rather than in intrinsic cell properties, may be responsible for neuronal
hyperexcitability (Miceli et al., 2015).

1.2. CDKL5 encephalopathy

Seen most frequently in females (12:1 female to male ratio), the EE
associated with CDKL5 mutations is characterized by an early onset.
This form of epilepsy was first identified in two females with severe in-
tellectual disability and early-onset seizures (Kalscheuer et al., 2003).
Patients have severe psychomotor impairment already evident at sei-
zure onset, specifically hypotonia, poor visual fixation, and gaze avoid-
ance. While these patients don't experience any true regression, they
fail to develop verbal language and fine motor skills. In addition, a signif-
icant proportion of patients show a deceleration of head growth and
some form of hand stereotypies. Epilepsy starts during the very first
weeks of life, and while seizures are often intractable at onset, the
interictal EEG can be normal (Bahi-Buisson et al., 2008b).

A three-stage electroclinical course has been described (Bahi-
Buisson et al., 2008a). Initially, the affected individual has frequent,
albeit brief, seizures. Some of these children show successful seizure
control after several weeks to months, with some even achieving a
seizure-free period. All patients at this stage already exhibit hypotonia
and poor eye contact. Identifying this disorder in the very first weeks
of life can be challenging. A distinctive seizure type, characterized by
an initial tonic vibratory phase, followed by a series of spasms, and end-
ing with bilateral myoclonic jerks, contributes to the delineation of the
phenotype and allows for early recognition (Klein et al., 2011; Melani
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etal, 2011). The second stage is characterized by the appearance of ep-
ileptic spasms with or without hypsarrhythmia. In the third stage, chil-
dren suffer from severe refractory epilepsy with multiple seizure types,
including tonic, myoclonic and spasms, occurring multiple times per

Fpt-F3 Jﬂm,}

F3-C3

c3P3 :

P3-O1 hf“ \l

ozt AaAA LA
4 Y\z‘\ o

proz [N AR A/ N

P30

Fp2:Fd4 Ay -

FA-C st AL { ‘ ™ I\ A ) *
capa \.vap",!‘-va,e"ﬁv"'mw ’\}:{:‘ay ‘(W‘;,, mr:j: !UC \m
WS A e AN A ; A

Pa-02 f,-»m‘.-w-a__,ﬁw\'

Foz-F8 w"\M&W-.‘\I‘W ‘wlm'ﬁ'w
s A N ah R
T4-T6 S e, quf--f W

-
- "
— T

ottt

B em— g e SR e

S o

ROz w M ‘-.-"\Jf AP AM Aa A SN A o, A A N s
A TR
czpz VT AWy '

At

day. By this point, the interictal EEG is abnormal, with high-amplitude
slow waves and bursts of spikes and polyspikes.

The CDKL5 gene (cyclin-dependent kinase-like 5), also known as
serine/threonine kinase 9 (STK9), is on the short arm of the X
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Fig. 2. (A-D) Ictal recording in a 2-month-old full-term infant with neonatal-onset epilepsy with migrating focal seizures and KCNT1 mutation. Note the random onset of prolonged ictal
discharges migrating from one hemisphere to the other. (A) A low-amplitude fast-activity seizure starts over the posterior regions of the left hemisphere, associated with a tonic right
eye deviation; (B) simultaneous independent ictal discharges involving two different cortical regions: while the ictal discharge over the left posterior region is ending, another ictal
discharge starts over the central-temporal regions of the right hemisphere; clinically, eyes are back to midline and there is no other evident clinical correlate; (C,D) The seizure over
the left hemisphere is over, while the ictal discharge over the right hemisphere now involves the frontal-central-temporal regions, and is associated with a tonic left eye deviation.

Gain 15 pV/mm, high-frequency filter, 60 Hz; paper speed, 15 mm/s.
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Fig. 2 (continued).

chromosome (Xp22). Several mutations and deletions have been found
in the CDKL5 gene, and as the clinical entity is more broadly recognized,
some phenotypic variability is emerging (Bahi-Buisson et al., 2008b, Mei
et al,, 2010, Melani et al.,, 2011). There has not so far been any demon-
stration of an association between clinical severity and the nature or po-
sition of the mutations, although mutations affecting the catalytic
domain tend to cluster in patients with more severe phenotypes.

The mechanism by which a mutation in the CDKL5 gene leads to
such a severe and early-onset EE is not yet fully understood. A function
of the CDKL5 protein is to add a phosphate group to specific positions on
other proteins, and one of its major targets is MeCP2, known to be
involved in neuronal function and synaptic maintenance. Another
link stems from the finding that a specific gene in the green alga
Chlamydomonas leads to a protein similar to the human CDKL protein


Image of Fig. 2

78 S. Auvin et al. / Neurobiology of Disease 92 (2016) 72-89

(Tam et al., 2013). This protein regulates appropriate flagellar length in
the algal species, which is interesting in light of the fact that an increas-
ing number of human diseases are being attributed to abnormal cilia
(Badano et al., 2006). A CDKL5 knockout (KO) mouse model has recently
been described (Amendola et al., 2014; Fuchs et al., 2014). Behavioral
analysis reveals that the constitutive KO model reproduces key features
of the human disorder, including limb clasping, hypoactivity, and abnor-
mal eye tracking. Investigations of the KO mouse have uncovered po-
tential substrates for the CDKL5-associated encephalopathy, including
reduced dendritic arborization of cortical neurons, decreased visual
evoked responses, and alterations in Akt/rpS6 signaling pathways. Par-
ticularly interesting is the double dissociation of behavioral phenotypes
resulting from a conditional KO of Cdkl5 in glutamatergic cortical neu-
rons and GABAergic forebrain neurons. These findings suggest that the
behavioral deficits in CDKL5 encephalopathy derive from the localized
absence of the kinase in forebrain neurons, and that the limb control
and eye tracking phenotypes depend on cortical motor and visual circuit
defects. Although early-onset seizures are a key feature of CDKL5 en-
cephalopathy, this mouse model lacks spontaneous seizures or epilepti-
form activity. CDKL5 possibly impacts the development of epilepsy in
humans in a manner different from mice (Amendola et al.,, 2014;
Fuchs et al., 2014). Researchers continue to explore these relationships
and the role of seizures in the development of the encephalopathy.

1.3. Epilepsy of infancy with migrating focal seizures (EIMFS)

First described in 1995, EIMFS is characterized by polymorphous,
migrating, almost continuous focal seizures associated with an arrest
of development, resulting in profound disability (Coppola et al., 1995)
(Fig. 2). Most affected infants start having seizures during the first few
weeks of life and all start having seizures by six months of age (Cilio
et al., 2008). Seizures are highly treatment-resistant. Ictal discharges

arise randomly from various areas of both hemispheres and migrate
from one region to another, conferring the main feature and name to
this syndrome. De novo KCNT1 mutations have recently been identified
in EIMFS (Barcia et al.,, 2012). KCNT1 encodes a weakly voltage-
dependent intracellular sodium-activated potassium channel. It is a
member of the Slo-type subfamily of potassium channel genes, also
known as Slack (sequence like a calcium activated potassium channel),
and co-assembles with other Slo subunits (Kim et al., 2014). It is widely
expressed in the nervous system and represents the largest known po-
tassium channel subunit. Its activity contributes to the slow hyperpolar-
ization that follows repetitive firing. Functional studies show that
KCNT1 mutations causing EIMFS are associated with a gain-of-function
phenotype in vitro, leading to the constitutive activation of the
sodium-activated potassium channel (Barcia et al., 2012). While this
could account for the increased excitability and seizure phenotype, the
severity of the developmental delay in children with EIMFS suggests
an independent developmental role for this gene. In addition to
regulating ion flux, a number of channels have non-conducting func-
tions that regulate biochemical activities independent of ion flux
(Kaczmarek, 2006; Fleming and Kaczmarek, 2009). This is likely to
be the case for the KCNT1 channel, which, in its C-terminal domain, in-
teracts with a protein network including fragile X mental retardation
protein (FMRP). KCNT1 mutations may alter the conformation of the
C-terminal region of the protein, impairing not only the gating of the
channel but also its ability to interact with developmentally relevant
proteins such as FMRP, and accounting for the severe developmental
delay (Barcia et al., 2012).

2. West syndrome

West syndrome, or Infantile Spasms (IS), is one of the most common
epilepsy syndromes in the first year of life, although the overall
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Fig. 3. EEG in a 6-month-old boy showing hypsarrhythmia consisting of diffuse high-voltage waves with a chaotic background of irregular, multifocal spikes and sharp waves, and
asynchrony between the cerebral hemispheres. An electrodecrement is observed when an epileptic spasm occurs.
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incidence is relatively low (1 in 2000). West syndrome is characterized
by the association of epileptic spasms, psychomotor regression and a
specific EEG pattern called hypsarrhythmia (Fig. 3). IS result from a
whole range of causes comprising focal or multifocal, pre-, peri- or post-
natal brain damage or malformation, or genetic predisposition, or can
occur without evidence of any structural lesion (Dulac and Tuxhorn,
2005). This syndrome remains one of the most severe of infancy be-
cause of its important developmental implications. Children presenting
with IS are at high risk of developing cognitive deterioration, which
seems to be related to a persistence of epilepsy in the majority of
cases (Koo et al.,, 1993; Rantala and Putkonen, 1999; Riikonen, 2004).
Early and aggressive treatment is warranted, since early control of the
epileptic spasms and resolution of the hypsarrhythmia seems to be as-
sociated with a higher chance of a normal cognitive outcome (Rantala
and Putkonen, 1999; Auvin et al., 2012a).

While hormonal treatment (adrenocorticotropic hormone (ACTH)
or oral steroids) has been shown to be effective in more infants
than vigabatrin, and result in the earlier resolution of spasms and
hypsarrhythmia, the effect of these two options on long-term outcomes
has not been established yet (Hancock et al., 2013). How ACTH controls
IS is still unclear. A major hypothesis has centered on the ability of
ACTH o reduce the endogenous synthesis of corticotrophin-releasing
hormone (CRH), which when injected, produces severe seizures in im-
mature rats (Brunson et al., 2001a; Brunson et al., 2001b). This theory
does account for the time course of action of ACTH, the all-or-none re-
sponse to treatment and is also supported by the findings of reduced
ACTH and cortisol levels in the spinal fluid of patients with IS (Baram
et al, 1992; Baram et al., 1995). One hypothesis is that ACTH may act,
at least in part, via its effect on melanocortin receptors, independent
of steroid release, and ACTH peptides fragments may function as
agonists of these receptors without mediating steroidogenesis. To
date, no clinical trial with such compounds has been undertaken. An-
other attractive idea is that ACTH could stimulate the synthesis of
deoxycorticosterone (DOC), which is bioconverted to its tetrahydroxy
derivative (THDOC), a potent agonist of the GABA-A receptor site
(Reddy and Rogawski, 2002; Rogawski and Reddy, 2002). This theory
is consistent with the therapeutic effects of vigabatrin on IS and support
the current interest in ganaxolone, a neurosteroid derivative and highly
selective agonist of 6-subunit-containing GABA-A receptors, which are
extrasynaptic and mediate tonic inhibition (Kerrigan et al., 2000;
Pieribone et al., 2007). None of the above mechanisms excludes the pos-
sibility that ACTH controls IS by modifying a wide range of cytokines
(immunomodulation) (see Section 6).

Clinical studies have provided insights into the mechanisms underly-
ing epileptic spasms. The most important challenge in clinical studies lies
in the multiple variables that act as confounders (e.g. various etiologies of
IS, different types and timing of treatment). For example, it is still not clear
to what extent hypsarrhythmia itself contributes to the long-term cogni-
tive deficits, or whether etiology plays the principal role in determining
the long-term outcome. There is also a limited availability of invasive in-
vestigations and/or human tissue from the critical early stages of disease
development. Over the last few years, a number of animal models of IS
have emerged, leading to new insights regarding the underlying mecha-
nisms (Galanopoulou and Moshe, 2015). Some of these models are
chemically induced while other are based on genetic modifications.

2.1. Models of acquired causes of IS
Among the models representing the different causes of IS are:

2.1.1. The corticotropin-releasing hormone model

This model is derived from the finding that the stress hormones
ACTH and glucocorticoids can be used to treat epileptic spasms
(Brunson et al., 2001a). CRH release is increased by stress. The model
has been created by the intraperitoneal or intracerebroventricular ad-
ministration of CRH during the second week of life in rats, causing

severe seizures by inhibiting the hypothalamic-pituitary-adrenal axis
(Baram and Schultz, 1991). The semiology of the seizures suggests a
limbic origin, consistent with rhythmic, sharp activity on EEG (Baram
and Schultz, 1991). This model does not show any epileptic spasms,
and acute ACTH treatment does not have an impact on seizures. The
CRH model mainly provides pivotal insight into the actions of ACTH
and glucocorticoids, as mentioned above.

2.1.2. The NMDA model

The NMDA model is induced by intraperitoneal injections of the
glutamate receptor agonist NMDA in rat pups between P10 and P15
(Mares and Velisek, 1992; Kabova et al., 1999). The acute seizures are
characterized by hyperflexion and tonic spasms of the entire body
with loss of the righting reflex. The spasms occur in clusters and the an-
imals return to their normal behavior after a while (Kabova et al., 1999).
The ictal EEG shows slow waves with superimposed fast activity, but the
correlation between behavior and EEG is not well described (Kabova
et al,, 1999). These electroclinical characteristics mimic the human con-
dition of IS, even though the interictal EEG does not represent true
hypsarrhythmia. Cognitive deficits in the form of spatial learning and
memory impairments are evident later in adulthood (Stafstrom and
Sasaki-Adams, 2003).

More recently, it has been shown that the spasms start earlier and
occur in greater numbers when the rats are prenatally exposed to
betamethasone or restraint stress (Velisek et al., 2007; Chachua et al.,
2011; Yum et al., 2012). This pretreatment was chosen to mimic prena-
tal stress by altering the hypothalamic-pituitary-adrenal axis. Similar
to the human condition, chronic pretreatment with ACTH or chronic
pretreatment with methylprednisolone at the time of the spasms signif-
icantly reduces the number of spasms and increases the latency
of spasm onset. Moreover, pretreatment with vigabatrin, but not
rapamycin, suppresses the spasms (Chachua et al,, 2011). More recent-
ly, ganaxolone has also shown an ability to delay the onset of spasms
(Yum et al., 2014). The betamethasone/NMDA model satisfies some of
the criteria for IS seizure semiology: age specificity, EEG changes, phar-
macological profile, and cognitive deficits. Given the lack of structural
brain damage or lesions, some investigators have proposed this model
as a model of cryptogenic IS (Velisek et al., 2007). In addition, the
NMDA model shares interesting pharmacological response properties
with the suppression of epileptic spasms using ACTH, methylpredniso-
lone or vigabatrin (Chachua et al,, 2011).

2.1.3. The tetrodotoxin model

The intrahippocampal infusion of tetrodotoxin (TTX) induces recur-
rent brief spasm-like seizures in P10 to P12 rat pups (Galvan et al., 2000;
Galvan et al,, 2003) consisting of short discharges of fast activity as re-
corded by EEG. TTX chronically suppresses neural activity during specif-
ic developmental windows, resulting in hyperexcitability. When TTX is
injected for 28 days, beginning on P10, it initially leads to a depression of
neuronal activity, followed by EEG abnormalities some time later.
Around P21, one third of TTX-treated rats develop flexor or extensor
spasms that occur in isolation or in clusters. The ictal EEG is character-
ized by a generalized slow wave followed by voltage attenuation and
then low-voltage fast activity, similar to the ictal IS pattern observed
in humans. Recently, it has been shown that high-frequency EEG activ-
ity may occur throughout ictal events (Frost et al., 2011). Interestingly,
the interictal EEG pattern consists of high-voltage activity with
slow waves and multi-spikes. This interictal EEG is comparable to
hypsarrhythmia. These electroclinical features persist after the end of
the TTX infusion, when the spasms give way to prolonged seizures.
The TTX model provides convincing evidence for hypsarrhythmia and
electrodecremental activity (Lee et al., 2008). While in this model,
spasms occur very late during brain maturation, it emphasizes that
blocking the neuronal activity of a normal brain may result in epileptic
spasms. Moreover, TTX could also be an interesting tool for understand-
ing the mechanisms by which spasms evolve into other seizure types.
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The behavioral consequences and efficacy of antiepileptic drugs need to
be further studied in this model.

2.1.4. The multiple-hit model of IS

The multiple-hit model uses severe damage to cortical and sub-
cortical structures. Doxorubicin is injected into the cerebral ventricles,
and lipopolysaccharide is administered intracerebrally in P3 rats. Doxo-
rubicin, an anthracycline chemotherapeutic agent, is used to induce
neuronal damage, whereas lipopolysaccharide, a component of bacteri-
al walls that acts as an agonist of the toll-like receptor 4, is used to in-
duce inflammation. These initial brain injuries are followed by an
intraperitoneal injection of chlorophenylalanine at P5 in order to inhibit
tryptophan hydroxylase and block the synthesis of brain serotonin. Se-
rotonin is known to reduce brain excitability. In this model, rats begin
to exhibit recurrent seizures from P4 to P13. These seizures are initially
characterized by clusters of spasms associated with electroencephalo-
graphic decrement. Other types of seizures start at P9 (behavioral arrest,
wild running, myoclonic, myoclonic-drop attacks, or seizures resem-
bling stage 4-5 limbic seizures), and adult rats also exhibit seizures
(Scantlebury et al., 2010; Raffo et al.,, 2011; Akman et al., 2014).
The multiple-hit model is considered a model of symptomatic IS,
representing the most common etiology of IS in humans (Watanabe,
1998). ACTH does not suppress spasms, whereas vigabatrin has a tran-
sient effect on spasms. This model may be helpful in evaluating treat-
ments for refractory IS (Scantlebury et al., 2010). More recently, new
treatments have been evaluated, including rapamycin, which has been
shown to suppress spasms in a dose-dependent way and to improve
visuo-spatial learning (Raffo et al., 2011), carisbamate, CPP-155
(a vigabatrin analog), which also shows acute effects on spasms, while
no effect has been reported with NAX 5055 (a galanin analog) (Ono
et al,, 2011; Briggs et al,, 2014; Gygax et al., 2014).

2.2. Models of genetic causes of IS

2.2.1. The Down syndrome model — Ts65Dn mice

A mouse model of Down syndrome (Ts65Dn) has been developed
(Galdzicki and Siarey, 2003), but these mice exhibit spontaneous spike-
wave discharges in EEG recordings without any seizures at baseline
(Cortez et al., 2009). The administration of baclofen or y-butyrolactone
(the prodrug of the GABA-B agonist <y-hydroxybutyrate) to Ts65Dn
mice (1 week to 2 months old) results in clusters of extensor spasms
associated with polyspike-wave bursts and electrodecrement, whereas
v-butyrolactone injected into wild-type mice causes spike-wave dis-
charges and absence seizures (Snead et al., 1999). Antiepileptic drugs
used to treat IS (ACTH and vigabatrin) improve this epileptic phenome-
non, suggesting that this model of spasms is pharmacologically reliable
(Cortez et al., 2007; Cortez et al., 2009). An assessment of long-term con-
sequences in this model would be interesting. These mice can be consid-
ered a model of a genetic cause of IS, since IS occur in <10% of children
with Down syndrome (Stafstrom and Konkol, 1994). The major limita-
tions are an absence of spontaneous or chronic epileptic spasms, and
the fact that induced spasms are observed in 2-month-old mice. The
need for an injection of a GABA-B receptor agonist in order to develop
spasms suggests that GABA-B receptors are involved in the pathogenesis
of IS, at least those associated with Down syndrome. The mechanism by
which GABA-B receptor alteration causes spasms needs to be further
studied.

2.2.2. The Aristaless-related homeobox mutation model — ARX spasms
model

Mutations in the ARX gene (OMIM *300,382) are associated
with a variety of neurological syndromes including IS (Hirose and
Mitsudome, 2003). Arx KO mice exhibit deficient proliferation of several
cell types, including GABAergic interneurons (Kitamura et al., 2002).
Mice with a conditional deletion of ARX in inhibitory interneurons of
the cortex have been created. Arx knock-in in these mice reproduces

the 23 alanine codons in human ISSX-ARX(GCG)10 + 7. These pups
display twice as many spontaneous spasm-like movements as do
wild-type littermates. Arx(GCG)10 + 7 mice display EEG abnormalities
including sharp waves, spikes, slow-wave transients followed by atten-
uation of background activity and increase in high-frequency rhythmic
background activity. These EEG findings are not observed in older mu-
tants. These mice also display abnormally low anxiety and cognitive im-
pairment. Between the ages of 3.5 and 10 weeks, Arx(GCG)10 + 7
mutants develop spontaneous seizures characterized by versive or clon-
ic movements lasting more than 10 s, associated with a generalized at-
tenuation of the EEG background with low-voltage fast activity and
followed by generalized high-frequency and high-amplitude spikes
and polyspikes in different brain areas. The ARX spasm model seems
to share critical phenotypic features with human IS, so that the persis-
tence of seizures should allow the modeling of the transition from
spasms to other types of seizures (Price et al., 2009). More recently,
early postnatal administration of estradiol prevents spasms in infancy
and seizures in adult mutants. This effect of estradiol seems related to
the ability of early estradiol administration to decrease mRNA levels of
three downstream targets of Arx (Shox2, Ebf3, and Lgi1) and to restore
depleted interneuron populations without increasing GABAergic synap-
tic density (Olivetti et al., 2014).

The various models of IS should be regarded as an opportunity to re-
flect the variability of IS in terms of phenotype, etiology and response to
treatment. A large number of IS models would permit multiple ap-
proaches to further elucidate the underlying mechanisms of this condi-
tion. One of the next steps in the understanding of IS is to further study
the pathophysiology of hypsarrhythmia. In fact, while the TTX model
could show electrophysiological evidence for multifocal origins and
the role of high-frequency oscillations, the mechanisms leading to the
development of hypsarrhythmia and the question of whether this EEG
pattern contributes to cognitive consequences and/or epileptogenesis
have not yet been studied. In most models, long-term studies will
allow us to better understand the role of IS on epileptogenesis and cog-
nitive outcome.

3. Dravet syndrome

Dravet syndrome (DS) is a refractory epilepsy syndrome character-
ized by early-onset, febrile or afebrile, generalized or unilateral, clonic
or tonic—clonic seizures. Usually, the first seizures are long-lasting epi-
sodes of status epilepticus (SE) occurring during the first year of life in
an otherwise normal infant. Later, myoclonus, atypical absences and
partial seizures are observed. Mutations in the voltage-gated sodium
channel gene SCN1A are the main genetic cause of DS (60-80% of the pa-
tients) (Depienne et al., 2009). Developmental delays are constant,
resulting from stagnation rather than cognitive regression. This usually
begins to be evident after 2 years of age. Behavioral disturbances are
also very common and seem to be correlated with the degree of cogni-
tive impairment (Brunklaus et al., 2011; Guzzetta, 2011). Until recently,
it has been suggested that its epileptic characteristics (age at onset, type
and duration of seizure) play an important role in determining the
heterogeneity of outcomes in these patients.

At adulthood, all patients show intellectual disability, but even though
severe intellectual disability is prevalent, heterogeneous outcomes have
also been described. The electroclinical phenotype seems to be predictive
of the level of cognitive impairment, with milder intellectual disability ob-
served in patients with atypical DS (Takayama et al.,, 2013). Two other
studies have analyzed the developmental profile across childhood in
greater detail. The first study showed that cognitive impairment occurred
early, and no patient with DS had a normal intelligence quotient (IQ) after
the age of 6 years. They exhibited a profile of poor communication and
poor capacity for autonomy, whereas their socialization skills seemed bet-
ter preserved. Interestingly, there was no correlation between 1Q (be-
tween 6 and 10 years of age) and epileptic characteristics (age at
seizure onset, number of prolonged seizures) during early development,
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i.e. the first 2 years of life (Villeneuve et al., 2014). These data are consis-
tent with a second report of 81 neuropsychological evaluations per-
formed in 67 patients with DS (Nabbout et al., 2013). In this study,
cognitive involvement was also an early process with an IQ above 70 ob-
served until 3 years of age followed by a marked decrease (mean IQ: 48)
after this age. Notably, none of the patients experienced psychomotor or
cognitive regression. Once again, the cognitive impairment of patients
with DS appeared unrelated to major epileptic factors (age, type or dura-
tion of first seizure, age, number and fever-related episodes of SE, photo-
sensitivity at EEG recording, or treatment parameters). Both studies
indicate that cognitive impairment in DS is likely not a direct consequence
of epilepsy, and that the presence of a mutation in SCN1A is actually a
more reliable predictor of cognitive outcome (Nabbout et al., 2013).

The use of a ‘Dravet’ mouse model generated by KO of the Scnia gene
(Scn1a™~) has contributed to a better understanding of the neurobiol-
ogy of this syndrome. The genetic modification is responsible for the
altered function of Na,1.1 sodium channels in neurons clustered
throughout the brain (Ogiwara et al., 2007). An impairment of
GABAergic firing has been observed in hippocampal interneurons,
resulting in seizure susceptibility in cerebellar Purkinje cells, explaining
motor symptoms such as ataxia (Yu et al,, 2006; Ogiwara et al., 2007). In
the mouse model, the consequences of an SCN1A abnormality differ
according to the genetic background. In a heterozygous Scnia KO
(Scn1a™~) mouse model of DS, the animals exhibit strain-dependent
seizure severity and survival: Scnla™ ~ in the mouse strain 12956/
SvEvTac (129.Scnla™/~) have no overt phenotype and show normal
survival compared with Scnia™~ mice bred from a C57BI/6)
background (F1-Scnla™/™), which display severe epilepsy and prema-
ture mortality. These findings also correlated with cellular recordings
(sodium current density in pyramidal neurons and GABAergic interneu-
rons and spontaneous action potential firing in pyramidal neurons)
(Mistry et al., 2014). Contrasting findings in GABAergic interneurons
from the two different genetic backgrounds probably explain the differ-
ent phenotypes (Mistry et al.,, 2014).
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More recently, behavioral problems have also been reported in the
Dravet models, including learning impairment, hyperactivity, stereo-
typed behaviors and deficits in social interactions (Han et al., 2012; Ito
etal, 2013). These behavioral disorders seem to be related to a reduced
expression of GABAergic interneurons especially in the prefrontal cor-
tex, which shows particularly low expression of the Na, 1.1 channel. In-
terestingly, low-dose clonazepam, a positive allosteric modulator of
GABA-A receptors, completely rescues the abnormal social behaviors
and deficits in fear memory (Han et al., 2012), suggesting that the
behavioral/cognitive abnormalities are due to the impairment of
GABAergic neurotransmission. Other experimental studies have dem-
onstrated that genetic modifications of SCN1A can result in cognitive im-
pairment without seizures. Using an siRNA approach to selectively
knockdown the Na,1.1 in the medial septum and diagonal band of
Broca in mice led to a dysregulation of hippocampal oscillations in asso-
ciation with a spatial memory deficit, although the mice did not exhibit
spontaneous seizures (Bender et al., 2013). This study also suggests that
the SCN1A mutation directly contributes to cognitive impairment inde-
pendently of seizure induction. Both neuropsychological studies and
these experimental studies suggest that genetic factors play an impor-
tant role in the cognitive outcome of DS, and that this syndrome should
be regarded as a genetic encephalopathy with epilepsy rather than an
EE (Auvin, 2014).

4. Lennox-Gastaut syndrome

Lennox-Gastaut syndrome (LGS) is a childhood EE. The main clinical
hallmarks of the syndrome were identified and accurately described
early on (Lennox and Davis, 1950; Gastaut et al., 1966). The diagnosis
is not always easy since the electroclinical characteristics appear pro-
gressively. Moreover, the term LGS has often been loosely used to define
all kinds of severe childhood epilepsy syndromes (Arzimanoglou et al.,
2009). This is an important clinical issue since their treatment and
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Fig. 4. EEG in a 10-year-old girl with Lennox-Gastaut syndrome showing slow spike-wave pattern. Note the bifrontal 0.2-0.5 Hz discharges. On the ECG line, there is contamination from

the EEG signal.
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outcomes may not be the same. This is also an issue for studies focusing
on understanding the underlying mechanisms of LGS.

LGS, when fully developed, is defined by the association of many
types of seizures including tonic seizures, cognitive impairment, and an
interictal EEG pattern of diffuse, slow spike-wave complexes. The main
seizure types are tonic seizures, atonic seizures and atypical absences.
Tonic seizures remain the main feature, and will persist over time,
even into adulthood (Ferlazzo et al., 2010). The classic interictal EEG fea-
ture is the slow spike-wave pattern (Fig. 4), consisting of slow spikes or
slow spikes-and-waves organized in prolonged discharges at 1-2 Hz. Bi-
lateral fast rhythm patterns (10 Hz or more) or “polyspikes” are typically
recorded during slow sleep and, when EMG electrodes are used, it is not
unusual to observe a concomitant tonic contraction.

Children with LGS usually experience cognitive regression around
the time of diagnosis and established LGS is almost always associated
with moderate to severe cognitive impairment. Cognitive impairment
seems linked to the age of onset and persistence of seizures
(Arzimanoglou et al.,, 2009). Moreover, a follow-up study of 72 patients
for a mean duration of 17 years has suggested progressive cognitive im-
pairment, with a 15 point decrease in IQ from diagnosis to the end of the
follow-up period (Oguni et al.,, 1996).

No single underlying mechanism has been demonstrated to lead to
the development of LGS. Several etiologies, as well as various preceding
clinical courses (e.g. LGS following West syndrome, LGS following a
brain injury, LGS occurring in the course of epilepsy with focal seizures)
can be observed (Arzimanoglou et al,, 2009). However, some common
mechanisms in the developing brain presumably cause these various
conditions and result in this age-dependent epileptic phenotype. It is re-
markable that the major features of LGS, such as tonic seizures and

interictal discharges, are similar regardless of the presence, location or
pathology of a causative lesion. The EEG features suggest widespread
cortical involvement during ictal and interictal abnormalities. Electro-
physiological and imaging studies have provided information on the
various brain areas involved in LGS. However, the underlying mecha-
nisms leading to the interplay of several cortical and subcortical struc-
tures remain unclear. The absence of an animal model mimicking
some of the major features of LGS is also a limitation (Auvin et al.,
2012b).

Initially, two main theories on the brain structure involved in LGS
(cortical versus subcortical) were the subject of much debate. Later, it
was suggested that the electroclinical phenotype originated from the
abnormal interaction of cortical and subcortical circuits rather than in
a specific region alone (Niedermeyer, 1996; Blume, 2001). Cortical
structural abnormalities have been described among the etiologies of
LGS. Moreover, the surgical removal of cortical lesions can abolish sei-
zures and improve interictal discharges (Arzimanoglou et al., 2009). A
global decrease in cortical excitability has also been reported using
transcranial magnetic stimulation in LGS patients compared to healthy
controls or other refractory epilepsies (Badawy et al., 2012).

Subcortical structures are also involved in LGS. Based on electro-
physiology, neuroimaging studies and EEG-fMRI, Archer et al. have sug-
gested that the thalamus acts as a synchronizer and an amplifier rather
than as an initiator of the seizure (Archer et al., 2014). The pons also
seems to be involved, particularly in the occurrence of tonic seizures, al-
though it does not act as the initiator of epileptic activity (Siniatchkin
et al,, 2011; Intusoma et al., 2013).

In the various ictal and interictal features of LGS, the brain structures
involved can differ from one type of abnormality to another. In the case
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Fig. 5. Drawings and sleep EEG recording of a 6-year-old girl with epileptic encephalopathy with continuous spikes and waves in sleep at diagnosis and after successful treatment. A Left:
Drawing at the time of diagnosis, one month after the start of the cognitive regression. A Right: Drawing one month after the start of clobazam. B Left: Sleep EEG recording showing almost
continuous generalized spike-and-wave discharges in a 6-year-old girl previously diagnosed with rolandic epilepsy, who recently experienced cognitive regression and a few myoclonic
seizures. B right: One month after treatment initiation, the sleep EEG recording shows the disappearance of the continuous spike-and-wave discharges. The regression has progressively

disappeared under treatment.
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of paroxysmal fast activity, an EEG-fMRI study has shown diffuse net-
work activation including simultaneous activation of association corti-
ces with an activation of subcortical structures (brainstem, thalamus,
and basal ganglia), while a different pattern is observed during slow
spike-and-wave activity consisting of an activated primary cortical
area and subcortical activations and deactivations (Pillay et al., 2013).

Functional neuroimaging studies have recently contributed to the
understanding of this epileptic phenotype, showing the activation of a
complex pathological system. Prospective functional neuroimaging
studies in patients shifting from West syndrome to LGS, or in children
with epilepsy with focal seizures due to structural abnormalities who
develop LGS, would probably help to determine the structure initiating
this complex interplay between various brain structures. The develop-
ment of animal models is needed to understand how various etiologies
affect the neurobiology of the developing brain to result in this complex
epileptic phenotype.

5. EE with continuous spike-and-wave during
sleep/Landau-Kleffner syndrome

EE with continuous spike-and-wave during sleep (EE-CSWS) and
Landau-Kleffner syndrome (LKS) are two distinctive EEs with different
clinical phenotypes. These rare epilepsy syndromes typically start with
seizures around 2-4 years of age in a child with normal or moderately
abnormal baseline development. Seizures are not frequent. Around
age 5-6 years, severe and global neuropsychological regression occurs
and seizures including head drop become usually more frequent. Both
syndromes are characterized by the regression of all or a part of cogni-
tive abilities in a child with spike-wave discharges during sleep.
Landau-Kleffner syndrome is mainly characterized by a gradual inability
to understand and use spoken language due to verbal agnosia while the
seizures usually respond well to treatment. The sleep EEG recording
shows continuous spikes and waves (Fig. 5).

These syndromes should be considered prototypes for the EEs. Two to
4 years after the occurrence of the regression, seizures tend to remit and
neuropsychological deficits tend to stabilize or even improve, although
severe residual impairments remain, particularly when treatment is not
able to modify the CSWS EEG pattern (Sanchez Fernandez et al., 2012).

The cognitive regression has a wide range of severity, resulting in an
evident decrease of IQ in the majority of patients. In the particular case
of LKS, the regression consists of verbal agnosia, which later results in
global language deterioration (Sanchez Fernandez et al,, 2012).

The sleep EEG pattern was first described in 1971 (Patry et al., 1971).
The EEG pattern is sometimes called electrical status epilepticus in sleep
(ESES) in the literature as opposed to CSWS, used to refer to the epilepsy
syndrome. The ESES pattern consists of generalized bilateral and symmet-
ric 1.5-3 Hz spike-waves. An initial definition stated that 85% of non-REM
sleep should be occupied by spike-wave discharges (1989, Tassinari et al.,
2000). It is currently unclear if the percentage of SW discharges occupying
non-REM sleep represents a threshold level for the observation/initiation
of behavioral/cognitive involvement in these syndromes.

The literature does not use common terminology to distinguish the
EEG pattern from the epilepsy syndrome (Sanchez Fernandez et al.,
2013). Most often, the authors use “ESES” when referring to the EEG
pattern, “CSWS” when referring to the EE with global regression and
“Landau-Kleffner syndrome” when discussing EE with predominant
language regression. In EE-CSWS, the main feature is the cognitive re-
gression observed while continuous spikes-and-waves during sleep
can be recorded. The recording of a similar pattern in a patient without
any cognitive regression should not lead to a diagnosis of EE-CSWS. The
interchangeable use of “ESES”, “CSWS”, and “Landau-Kleffner syn-
drome” leads to difficulties in understanding the underlying concepts
(Sanchez Fernandez et al., 2013).

The role of prolonged epileptiform activity in neuropsychological
deficits remains unclear. It was initially hypothesized that a “functional
ablation” of eloquent cortical areas was induced by the “persistent con-
vulsive discharge”, resulting in neuropsychological impairment. Epilep-
tiform activity during sleep may also interfere with learning and
mechanisms of memory consolidation (Diekelmann and Born, 2010;
Boelsterli et al., 2011). Consequently, near-continuous epileptiform dis-
charges have been considered to underlie the severe neuropsychologi-
cal regression in EE-CSWS (Aldenkamp and Arends, 2004; Holmes and
Lenck-Santim, 2006). While some authors have reported a good corre-
lation between the cortical location of interictal discharges and the
disrupted function, others have not found any correlation (De Tiege
et al., 2004; Sanchez Fernandez et al., 2012). Moreover, the temporal

1. Early inflammatory hit

2. Induced by seizure activity

promote seizure recurrence

3. Induced by seizure activity

4. Pharmacoresistance

promote cognitive impairment
promote behavior impairment

Fig. 6. Schematic representation of the hypothetical chain of pathological events occurring in epileptic encephalopathies, and the role of neuroinflammation. A triggering event (e.g. fever,
infection or other unknown causes) might act as a second hit in patients with acquired or genetic EEs. This neuroinflammation might promote the start of seizures as well as cognitive/
behavioral involvement. Experimental data indicate that seizures in turn induce neuroinflammation and that the establishment of an inflammatory substrate in the brain lowers seizure
threshold in animal models by inducing rapid changes in neuronal excitability, thereby promoting seizure recurrence.


Image of Fig. 6

84 S. Auvin et al. / Neurobiology of Disease 92 (2016) 72-89

association between the occurrence of CSWS on EEG and neurological
regression is not always strict (Rapin, 1988; Hirsch et al., 1990).

In addition to a deficit in learning and memory consolidation mech-
anisms during sleep, there are probably several other components in-
volved in the neuropsychological regression, including the cause of
EE-CSWS, the effect of seizures on brain activity, and a deficit in infor-
mation processing during the epileptiform activity. Polytherapy and
high doses of antiepileptic drugs may also contribute to cognitive dys-
function and worsen the neuropsychological deficit (Loring and
Meador, 2004).

Connectivity studies by functional imaging have provided some in-
sights into the mechanisms of EE-CSWS. FDG-PET has shown areas
with increased glucose metabolism corresponding to epileptic foci and
other hypometabolic cortical areas (De Tiege et al., 2004; De Tiege
et al.,, 2008). It has thus been suggested that the epileptic foci affect
other cortical areas by surrounding inhibition when the hypometabolic
area is located at the border of the hypermetabolic area, or by remote in-
hibition when the hypometabolic area is distant from it. In some pa-
tients, the epileptic foci are not intense enough to be imaged by PET
(De Tiege et al., 2004; De Tiege et al., 2008). At remission, a regression
of both focal hypermetabolism and hypometabolism is observed, and
functional connectivity between regions showing increased and de-
creased glucose metabolism during the active phase of CSWS returns
to normal, suggesting that in addition to the epileptic focus, the
inhibited area plays a role in cognitive regression (De Tiege et al.,
2008). Data from EEG-fMRI studies also support this hypothesis, show-
ing an increase in perfusion in the epileptic focus and a decrease in per-
fusion in distinctive connected cortical areas (De Tiege et al., 2009;
Siniatchkin et al., 2010).

Animal models mimicking EE-CSWS are currently unavailable. How-
ever, experimental studies have explored how interictal epileptiform
activity may impact cognition. Interictal spikes cause transitory cogni-
tive impairment in adult rodents (Kleen et al., 2010). Interictal spikes
during early brain development may have long-term adverse effects
on developing neural circuits. In particular, interictal spikes can have
two types of effects of cognitive functions: a transitory interruption in-
ducing direct behavioral effects, and the alteration of brain plasticity
and memory processes (Holmes, 2014). Transitory interictal spikes dur-
ing development induced by prefrontal intracortical injections of
bicuculline in P21 rats lead to a deficit in attention and sociability
(Hernan et al., 2014). Interictal spikes can be induced without seizure
using low-dose fluorothyl in rats pups (Khan et al., 2010). When rats
are tested as adults, there is an impairment in spatial memory as well
as in LTP. Moreover, the animals show decreased neurogenesis and hip-
pocampal cell counts (Khan et al., 2010).

A better understanding of the mechanisms of EE-CSWS might have a
global impact on the understanding of cognitive involvement in all
types of EEs. There are typically few seizures in EE-CSWS, while cogni-
tive regression is the principal issue, explaining why this syndrome
could be a prototype for cognitive involvement in the EEs. Identifying
the neurobiological mechanisms of EE-CSWS is a real challenge and
mainly needs the development of new animal models.

6. Role of inflammation in the neurobiology of EE

Emerging evidence highlights a putative pathogenic role of neuroin-
flammation, both in sustaining the recurrence of seizures and in medi-
ating the development of long-term morbidity (Nabbout et al., 2011;
Vezzani et al., 2013) (Fig. 6). Neuroinflammation is defined as an “innate
immunological response of the nervous system, involving its own im-
mune cells (microglia, astrocytes), releasing cytokines and chemokines,
thus activating down-stream inflammatory effector molecules, and re-
lated molecular processes” (Graeber et al., 2011).

Neuroinflammation was first detected in seizure-prone areas of an-
imal models of acute seizures (Minami et al., 1990; Minami et al., 1991;
Vezzani et al., 1999; De Simoni et al., 2000). The occurrence of this

phenomenon was then validated in chronically epileptic animals
(Aronica et al.,, 2012; Vezzani et al., 2013) and in various drug-
resistant forms of surgical structural/lesional human epilepsy (Vezzani
et al, 2011a; Aronica and Crino, 2014).

Pharmacological studies, mainly performed in adult rodents, and the
investigation of seizure susceptibility in adult transgenic mice with al-
tered inflammatory pathways, have shown that neuroinflammation is
not a by-stander phenomenon associated with seizures, but contributes
to their precipitation and recurrence (Vezzani et al., 2011b; Vezzani
etal, 2013).

The available experimental data support two main scenarios that
will be discussed in the following paragraphs: 1. seizures induce neuro-
inflammation, which in turn fosters further seizures; 2. pre-existing
neuroinflammation decreases the seizure threshold, worsens the conse-
quences of seizures and promotes co-morbidities.

6.1. Seizures trigger neuroinflammation

In immature as in adult animals, recurrent seizures, independently
of their specific trigger, cause neuroinflammation in brain regions in-
volved in the onset and generalization of the epileptic activity. Notably,
seizure-induced neuroinflammation in the rat forebrain is developmen-
tally regulated, and the age-dependent onset of neuroinflammation de-
pends on the seizure-triggering event (Rizzi et al., 2003; Dube et al.,
2005; Marcon et al., 2009; Dube et al., 2010).

6.1.1. Chemoconvulsants

When SE is induced by the systemic injection of kainate or pilocar-
pine in naive P11-P21 rats, thus provoking neuronal network hyperex-
citability in the forebrain, neuroinflammation develops within 4 h in
activated glial cells of the hippocampus. In contrast, in P9 rats, cell acti-
vation is only minor or absent, accompanied by a late (24 h post-SE),
very limited, and transient increase in pro-inflammatory cytokines
(Rizzi et al., 2003; Jarvela et al., 2008; Marcon et al., 2009; Jarvela
etal,2011; Omranetal., 2012). In adult rats, the neuroinflammatory re-
sponse induced in glia by SE evoked by chemoconvulsants is faster than
in early development since it occurs within minutes of SE induction, and
in general lasts longer (up to several days) after the initial precipitating
event (De Simoni et al., 2000; Ravizza et al., 2008; Marcon et al., 2009;
Jarvela et al., 2011; NOE et al., 2013). Neuroinflammation recurs when
animals exposed to SE develop spontaneous seizures (De Simoni et al.,
2000; Ravizza et al.,, 2008; NOE et al., 2013).

The mechanisms underlying the age-dependence of seizure-induced
inflammation are unknown. Notably, the lack of a neuroinflammatory
response to seizures in P9 animals cannot be attributed to the inability
of the immature brain to develop such a response, or to the lack of in-
volvement of the hippocampus in seizure activity. The occurrence of
neuronal cell loss in models of SE, as well as the subsequent develop-
ment of epilepsy, closely match the onset and extent of neuroinflamma-
tion in the hippocampus: e.g. P9 rats develop neither cell loss nor
epilepsy while both phenomena can occur in P15 rats. Moreover, both
cell loss and the incidence of epilepsy are greater at P21, an age associ-
ated with longer-lasting and more pronounced neuroinflammation
than earlier ages (Albala et al., 1984; Stafstrom et al., 1992; Haas et al.,
2001; Rizzi et al., 2003). In a different study, P21 pre-adolescent rats ex-
posed to systemic pilocarpine developed a neuroinflammatory re-
sponse to SE in the hippocampus, in concomitance with blood-brain
barrier (BBB) alteration and angiogenesis. These phenomena occurred
in about 60% of animals exposed to SE of similar severity and duration,
again matching the incidence of epilepsy in this model. Interestingly,
only P21 rats developing epilepsy showed a chronic up-regulation of
IL-1pR in activated glia in the hippocampus (Marcon et al., 2009). It is
currently unknown if this type of age-dependence exists in humans, al-
though it might be one of the mechanisms activated in some forms of
EE. Moreover, it would be interesting to explore if the control of seizure
activity by antiepileptic drugs decreases neuroinflammation.
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6.1.2. Two-hit seizure model

Early-life seizures in rodents may increase susceptibility to later sei-
zures in adulthood and promote neurological deficits after a second hit.
Neuroinflammation appears to be significantly involved in this sensiti-
zation-type or priming phenomenon. For example, the activation of
microglia and its production of pro-inflammatory cytokines in the fore-
brain of P45 adult rats exposed to kainate-induced seizures are greater if
the animals are pre-exposed to a convulsive dose of kainate at P15. No-
tably, a long-lasting increase in seizure susceptibility and an aggravation
of neuronal cell loss and co-morbidities have all been reported in rats
exposed to a second hit, as compared to animals exposed to seizures
only as adults (Somera-Molina et al., 2009). Notably, both the exacer-
bated neuroinflammatory response evoked by early-life seizures and
the associated pathological outcomes, including decreased seizure
threshold, cell loss and deficits in hippocampus-dependent spatial
learning, were prevented in rats treated after the early-life first hit
with minozac or minocycline, i.e. drugs that block the activation of mi-
croglia and astrocytes (Somera-Molina et al., 2009; Abraham et al.,
2012).

6.2. Neuroinflammation induces long-term neurological sequelae

The exposure of P7-P14 rats to a systemic or intracerebral inflamma-
tory challenge, mimicking bacterial or viral infection, triggers a transient
surge in cytokines (e.g. IL-13 and TNF-« in the cortex and hippo-
campus), resulting in a long-lasting decrease in the seizure threshold
of various convulsants as well as behavioral deficits. These effects
are prevented if the cerebral increase in cytokines is blocked by
minocycline, or by administering the endogenous IL-1(3 receptor antag-
onist, IL-1ra, or by inactivating TNF-a with an anti-TNF-a antibody
(Galic et al., 2008a; Riazi et al., 2008; Galic et al., 2009; Galic et al.,
2012). In particular, P14 rats exposed to systemic lipopolysaccharide
(LPS) either alone or at the time of SE induction show a reduced seizure
threshold, an increased rate of epileptogenesis, and increased disease
severity in adulthood (Galic et al., 2008a; Riazi et al., 2008; Auvin
et al.,, 2010a; Auvin et al., 2010b). Notably, LPS is a pro-inflammatory
mimic of bacterial wall components that activates the Toll-like recep-
tors (TLRs). TLR4 can also be activated by endogenous ligands, such as
the protein High Mobility Group Box 1 (HMGB1), released by injured
brain cells. The activation of HMGB1-TLR4, similarly to IL-1B/IL-1R
type 1, promotes seizures in animal models (Vezzani et al,, 2011b). An
immune challenge imposed postnatally in rodents also affects animal
behavior, for example by compromising cognitive functions in adult-
hood (Han et al., 2011). Notably, neonatal rats infected with Escherichia
coli exhibit cognitive deficits after a second immune challenge by LPS in
adulthood (Bilbo et al., 2005a; Williamson et al., 2011), and P7-P14 off-
spring of dams injected during gestation with poly I:C (a TLR3 agonist
that mimics viral infections), or with IL-1( or IL-6 or their combination,
display autism-like behaviors (Hagberg and Mallard, 2005; Rees et al.,
2008; Pineda et al.,, 2013b, a) and a long-term increase in seizure sus-
ceptibility (Pineda et al.,, 2013a).

These data support the view that the immature brain can be per-
manently modified after a transient inflammatory episode. The current
hypothesis is, therefore, that excessive immune activation and inflam-
matory signaling in specific forebrain regions during a well-defined de-
velopmental window, in response to either infection or brain injury
(including prolonged seizures), can potentially interfere with normal
brain development. Alternatively, immune priming may occur, favoring
exacerbated inflammatory cytokine production in response to a second
hit, thereby affecting neural processes relevant for seizures and behav-
ior (Bilbo et al., 2005a; Bilbo et al., 2005b; Bilbo and Schwarz, 2009;
Williamson et al., 2011). When these inflammatory pathways affect
cognition-related processes in brain regions critical for working memo-
1y, they represent a risk factor for the development of neuropsychiatric
diseases (Carpentier and Palmer, 2009; Riazi et al., 2010; Bilbo and
Schwarz, 2012; Vezzani et al., 2013). These phenomena should

therefore be explored in patients with EEs in order to identify the path-
ophysiological processes that might be involved, in order to prevent or
reverse the cognitive and behavioral impairment (Fig. 6).

6.3. Mechanisms underlying neuroinflammation-induced pathological
sequelae

The link established between the overactivation of cytokine signal-
ing and increased excitability in neuronal circuitry in seizure-prone
brain areas (Vezzani et al., 2011b) explains why neuroinflammation is
likely to decrease seizure threshold and enhance seizure-induced
brain injury in immature rodents (Riazi et al., 2010; Galic et al., 2012).
The modifications induced by inflammatory mediators, such as cyto-
kines or chemokines (in particular IL-1p, IL-6, HMGB1 and TNF-« pro-
duced by activated microglia, astrocytes and in some instances by
neurons), in brain excitability involve both rapid post-translational
and long-term transcriptional changes (Vezzani et al., 2011b). The
major targets identified so far include voltage-gated and receptor-
operated ion channels, genes involved in neurotransmission and synap-
tic plasticity, and homeostatic functions of astrocytes related to water
and potassium homeostasis and extracellular glutamate re-uptake
(Devinsky et al., 2013). In particular, the long-term increase in seizure
susceptibility as well as the cognitive deficits induced by neuroinflam-
mation in immature rodents are associated with modifications in hippo-
campal and cortical NMDA, AMPA and GABA receptor mRNA and
protein levels and their subunit composition, as well as the Na—K—Cl
co-transporter (Galic et al., 2008b; Harre et al., 2008), thus denoting
permanent changes in neurotransmission.

Recently, epigenetic mechanisms modulating neuroinflammation
have been shown to be dysregulated in epilepsy both in children and
adults (Aronica et al., 2010; Iyer et al.,, 2012; Omran et al.,, 2012; Peng
et al., 2013; Gorter et al., 2014).

7. Conclusion

Among the epilepsy syndromes that are considered to be EEs
(Table 1), there are in our opinion not many that truly fulfill the criteria
defined by Berg et al. (2010). LGS, EE-CSWS and LKS can be regarded as
the best examples of this definition. In case of neonatal-onset epilepsies,
the complex links between gene dysfunction and seizure activity, be-
tween gene dysfunction and cognitive involvement, and between sei-
zures in the developing brain and cognitive outcome make it difficult
to determine whether we should define these disorders as EEs or genet-
ic encephalopathies with epilepsy. It is also still unclear whether WS
and DS should be considered as EEs. In our opinion, the term “genetic
or acquired encephalopathies with epilepsy”, rather than EEs, would
be more appropriate to define neurological conditions with early cogni-
tive involvement and seizures, such as DS. The use of this term would be
clinically relevant to avoid excessive treatment with antiepileptic drugs
that may help in controlling seizures but not improve the cognitive out-
come. It should also be noted that excessive treatment (polytherapy)
can even worsen the cognitive impairment (Fastenau et al., 2009; Ijff
and Aldenkamp, 2013). The goal of treatment is thus to focus on the
quality of life in order to optimize the interaction between the patient
and his/her family (balance between seizures/sedation due to drugs).

Among the various pathophysiological mechanisms, neuroinflam-
mation currently seems to be a putative common mechanism in differ-
ent forms of EEs. The presence and role of inflammation in these various
epilepsy syndromes thus needs to be further clarified. In addition, a bet-
ter understanding of the mechanisms leading to cognitive impairment
in the genetic EEs is needed because antiepileptic drugs, even when ef-
fective, fail to restore cognitive/behavioral function in most of these syn-
dromes, cannot arrest the progression of cognitive deterioration, and
may often have a negative impact on cognition and behavior. As an ex-
ample, treatment in EIMFS should focus more on restoring the interac-
tion between the mutated KCNT1 C-terminal region and FMRP, since
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the alteration of this specific interaction is considered to play a critical
role in the severe cognitive impairment. Thus, future strategies for the
management of EEs should combine antiepileptic drugs to control sei-
zures and specifically tailored treatments targeting the underlying
mechanisms, such as protein-protein interactions or neuroinflamma-
tion, to prevent/reverse the associated cognitive and behavioral
impairment.

We can thus envisage a vicious pathological cycle where seizures
and neuroinflammation each perpetuate the other. Neuroinflammation,
in association with other mechanisms activated by seizures in epilepto-
genic brain areas, contributes to the progression of the disease, resulting
in neurobehavioral deficits. There is experimental evidence to show
that inflammatory molecules contribute to each of these outcomes
(Vezzani et al., 2013). Genetic and epigenetic factors should also be
considered as key determinants of the propensity of children to develop
progressive pathologic sequelae when exposed to seizures and
neuroinflammation.

Therapeutic interventions (indicated by the stop signal) should
therefore target processes upstream of either seizures or neuroinflam-
mation. Future treatment strategies aimed at preventing/reversing the
second hit could be considered if it can be identified.
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