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ARTICLE INFO ABSTRACT

Article history: Early onset and infantile epileptic encephalopathies (EIEEs) are usually associated with medically intractable or
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Etiologies include structural and metabolic or genetic etiologies although a significant percentage is of unknown
cause. The need to better understand their pathogenic mechanisms and identify better therapies has driven the
development of animal models of EIEEs. Several rodent models of infantile spasms have emerged that recapitu-
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ﬁigﬁf&ome late various aspects of the disease. The acute models manifest epileptic spasms after induction and include
Dravet syndrome the NMDA rat model, the NMDA model with prior prenatal betamethasone or perinatal stress exposure, and
mTOR the y-butyrolactone induced spasms in a mouse model of Down syndrome. The chronic models include the tetro-
Epilepsy dotoxin rat model, the aristaless related homeobox X-linked (Arx) mouse models and the multiple-hit rat model
Cognition of infantile spasms. We will discuss the main features and findings from these models on target mechanisms and
SUDEP emerging therapies. Genetic models have also provided interesting data on the pathogenesis of Dravet syndrome
érAXB A and proposed new therapies for testing. The genetic associations of many of the EIEEs have also been tested in

Sodium channels
Multiple-hit model
GABA

rodent models as to their pathogenicity. Finally, several models have tested the impact of subclinical epileptiform
discharges on brain function. The impact of these advances in animal modeling for therapy development will be
discussed.

NMDA © 2015 Elsevier Inc. All rights reserved.
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Introduction studies have been reported (Kumar and Boehm, 2013; Schneider,

Epileptic encephalopathies are a spectrum of syndromes with prom-
inent cognitive or behavioral impairments that are beyond what is
expected for the underlying pathologies and to which the epileptic ac-
tivity is thought to contribute significantly (Berg et al., 2010). These
are particularly prevalent in the early stages of life. The poor outcomes
in both epilepsy severity and neurodevelopmental and behavioral
measures and the limited treatment options render these conditions a
priority in epilepsy research. Clinical studies have offered insight
about possible pathomechanisms. However, the inherent difficulties in
human experimentation, the small numbers of patients included in
studies on rare diseases, the heterogeneity of syndromes such as West
syndrome and infantile spasms (IS), the limited availability of human
tissue from the critical stages of early disease development, and the
multiple confounders that plague the comparisons across human
patients limit the power of such studies.

Over the last years, with the advances of animal modeling and
discoveries into the genetics of epileptic encephalopathies, a number
of animal models have emerged. These animal models were designed
to recapitulate specific aspects of the phenotype of human epilepsy
syndromes, recreate specific pathologies or etiologies (genetic or ac-
quired), or test the relevance of signaling pathways on the pathogen-
esis or treatment response. As a result, there are several animal
models of West syndrome or IS, models of Dravet syndrome or of
other early onset or infantile epileptic encephalopathies (EIEEs),
and animal studies attempting to decipher the contribution of
epileptic spikes in the cognitive and neurodevelopmental outcomes.
Because there are numerous EIEEs, here we have specifically selected
those for which animal models have been created that address the
phenotype or genetic causes. We will discuss how human and animal
studies have contributed to our understanding on the pathophysiol-
ogy of these selected epileptic encephalopathies and update on the
progress in new therapies and therapeutic targets based on these
animal studies.

Developmental equivalency between rodents and humans

Comparing development between rodents and humans is difficult
due to the asynchronous maturation of different developmental
milestones and processes that follow different tempos across species
(reviewed in Akman et al, 2014, Avishai-Eliner et al., 2002,
Galanopoulou and Moshe, 2011). In the endocrine literature, postnatal
days (PN) 0-6 rats are considered neonatal, PN7-21 infantile, whereas
juvenile rats are PN21-32 in females and PN7-35 in males. Puberty
onset is around PN32-35 in females and PN35-45 in males whereas
adulthood begins PN60. It is customary to consider a PN8-10 rat equiv-
alent to a term human neonate, largely due to early studies showing
that the rate of brain growth, at that age is similar to that observed in
humans (Dobbing, 1974; Dobbing and Sands, 1979; Gottlieb et al.,
1977). However, this presumed equivalency may not be absolute and
should be used as a possible guideline. Wild type mice follow similar
milestones, although trends for earlier maturation are observed
compared to rats. For example, female mice reach puberty onset around
PN29 and male mice around PN26-30, although differences across

2013). The genetic background may play a significant role in defining
the developmental milestones, which therefore need to be confirmed
for each rodent species, strain or genetically modified animal used
(Clancy et al,, 2001; Kumar and Boehm, 2013).

Although these accepted criteria have been helpful in the design of
developmental studies, the correspondence is not absolute. While
human neonates are born with eyes open, eye opening is usually
between PN13-15 in rats and PN11 in mice. Humans learn to ambulate
during the infantile stage. In contrast, rats learn to ambulate in the first
two postnatal weeks, which as a result can be considered as the infantile
stage of motor development in rats (Scantlebury et al.,, 2010). Caution-
ary interpretation of the developmental equivalence is therefore
recommended across different developmental processes or events.

West syndrome and infantile spasms

West syndrome (Pellock et al., 2010; West, 1841) is an infantile ep-
ileptic encephalopathy characterized by at least two of the following
features: (a) ictal events of flexion or extension spasms (IS) that usually
appear in clusters, (b) interictal chaotic high amplitude and multifocally
epileptic interictal background (hypsarrhythmia), and (c) intellectual or
neurodevelopmental disabilities. Although IS often is used interchange-
ably with West syndrome, here we will use the term IS for the epileptic
seizure and West syndrome for the clinical syndrome. Variations in pre-
sentation may occur, such as late-onset epileptic spasms or modified
rather than classical hypsarrhythmia (Auvin et al., 2010; Dulac et al.,
2010; Hrachovy et al., 1984). The treatment options are hormonal ther-
apy (adrenocorticotropic hormone ACTH, glucocorticosteroids) or the
GABA aminotransferase inhibitor vigabatrin (Go et al., 2012; Mackay
et al., 2004; Pellock et al., 2010; Riikonen, 2014). The ketogenic diet
has shown efficacy in refractory IS (Hong et al., 2010; Pires et al.,
2013). Few patients may respond to certain antiepileptic drugs
(valproate, topiramate, zonisamide) or vitamin B6 (Pellock et al.,
2010; Riikonen, 2014).

The etiology of West syndrome is varied, with the majority (~60%)
being due to structural-metabolic etiologies while the rest are ei-
ther of unknown etiology or linked to genetic defects. The unknown
etiology group is the infants in which no structural-metabolic or ge-
netic etiology can be identified with the existing diagnostic tests.
With the recent advances in methods for genetic diagnosis, an
increasing number of associations of IS with genetic defects has
been made, which is now estimated to encompass the 12% of infants
with IS (EuroEPINOMICS-RES Consortium et al, 2014). The list
of known genetic associations with IS is presented in Supplemental
Table 1. Etiology influences treatment response. A known structur-
al-metabolic underlying etiology diminishes significantly the
chance of treatment response while the unknown etiology group
bears the best prognosis (Mackay et al., 2004; Pellock et al., 2010;
Riikonen, 2014). On the other hand, knowing the etiology may
guide treatment selection, as is the case with tuberous sclerosis
which is particularly responsive to vigabatrin (Curatolo et al,,
2008; Nabbout, 2001; Pellock et al., 2010; Riikonen, 2014; Thiele,
2004).
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Animal models

With the workshop on animal models of pediatric epilepsies
(Bethesda, 2004) where criteria were proposed for animal models of
IS (Stafstrom et al., 2006), there was an increase in the interest to gen-
erate animal models that either recapitulate features of IS or test specific
pathogenic hypotheses.

The excess stress/corticotropin release hormone (CRH) is one such
hypothesis. Among the putative mechanisms via which ACTH may
stop IS in many infants was by its effects on the hypothalamus-
pituitary-adrenal (HPA) axis, whether via stimulation of adrenal ste-
roids or via direct effects on the brain (Riikonen, 1983). The possibility
that ACTH-induced stimulation of adrenal-derived glucocorticosteroids
alone is not sufficient to mediate the ACTH effects was supported by re-
ports that ACTH was effective even in an infant with adrenal insufficien-
cy (Willig et al., 1978). In animal studies, ACTH may reduce aggressive
behavior in adrenalectomized rats (Poole and Brain, 1974). Such find-
ings drew attention to potential central effects of ACTH. In infants
with IS, several studies report low ACTH levels in the CSF of infants
with IS due to known or unknown etiologies compared to controls
(Baram et al., 1992; Facchinetti et al., 1985; Nagamitsu et al., 2001;
Nalin et al., 1985). However, the utilized controls included infants
with seizures or infectious conditions. Heiskala reported higher levels
of CSF ACTH in infants with IS due to unknown etiologies compared to
those of known causes, although no clear normalizing effect of
treatment was seen (Heiskala, 1997). Comparisons with CSF levels of
p-endorphin, a processing partner of ACTH from the common precursor
proopiomelanocortin (POMC) provided inconclusive data and no defi-
nite evidence for POMC production and processing deficit (Heiskala,
1997; Nagamitsu et al., 2001; Nalin et al., 1985). Furthermore, no defi-
nite differences in CSF corticotropin release hormone (CRH) levels
have been reported in IS compared with controls, although this may
not exclude local differences in CRH expression and signaling in select-
ed brain nuclei (Baram et al., 1992; Nagamitsu et al., 2001).

In the early 1990s, Baram proposed the corticotropin release
hormone (CRH) excess theory of IS (Baram, 1993), whereby abnormal,
excessive CRH production, release or response in the context of early life
stress may lead to seizures like IS. The first week of life in rats seemed, as
aresult, the most vulnerable given that expression studies of CRH recep-
tors and CRH indicate a high amount of unoccupied CRH receptors
(Baram and Lerner, 1991; Insel et al., 1988). Intracerebral CRH injections
given to PN5 rats intracerebroventricularly (i.c.v.) indeed confirmed the
proconvulsant properties of CRH in PN14 or younger rats but not in
PN18 (Baram and Schultz, 1991). However, CRH induced seizures
were not spasms but rather limbic, originating in the amygdala, and
were responsive to phenytoin but not ACTH (Baram and Schultz,
1991). Attempts to test the effects of a-helical CRH, a competitive inhib-
itor, in human infants with IS failed to demonstrate any therapeutic
effect, although there was no evidence for brain penetration (Baram
et al,, 1999). Overall, the CRH excess theory introduced an interesting
hypothesis linking early life stressors to early life seizures, however
the relevance to IS is at present unclear.

Of interest, a clinical study probed the levels of prenatal stress in the
mothers of infants with IS or positive controls (infants with other types
of epilepsies) or negative controls (no epilepsy controls) (Shi et al.,
2012). Using a questionnaire that graded the levels of different types
of stressors, both positive and negative life events, the investigators
found significantly higher levels of prenatal stress in the mothers of in-
fants with IS compared to either positive or negative controls. It would
be interesting to follow up with prospective, large study cohorts to fur-
ther test this association, also as a function of etiology, although this
could be difficult to achieve, given the low incidence of IS.

Table 1 shows the currently published models of IS. These models
can be distinguished into (a) acute, i.e., those that manifest epileptic
spasms only during the few post-induction hours, and (b) chronic, i.e.,
those that exhibit a chronic phenotype with similarities to West

syndrome. As will be reviewed below, these models have since offered
valuable information on mechanisms involved in the expression of IS
or West syndrome as well as indicated a number of new candidate
treatments.

Acute models

a. The N-methyl-p-aspartate (NMDA) based models. In addition to the
NMDA model, in which systemic injections of the glutamatergic
drug NMDA are known to induce seizures acutely, there are several
variations that also include prior interventions that cause perinatal
stress.

(i) NMDA-alone model.

Intraperitoneal (i.p.) injections of NMDA given to immature rats
induce a particular seizure type, named emprosthotonic seizures
(Mares and Velisek, 1992). Emprosthotonic seizures occurred
during the first post-NMDA injection hour, manifested in PN18
or younger rats only, and semiologically resembled flexion tonic
spasms. Additional NMDA-induced behaviors and seizures mani-
festin a dose and age dependent manner, including hyperactivity,
tail twisting, clonic and tonic seizures (Kabova et al.,, 1999; Mares
and Velisek, 1992), a state which has also been described as
NMDA-induced status epilepticus (SE) (Stafstrom and Sasaki-
Adams, 2003). The EEG showed low voltage background and no
clear correlates to emprosthotonic seizures in Mares and Velisek
(1992) and reversible EEG suppression during emprosthotonus
and “serrated waves” (slow waves with superimposed fast activ-
ity) during behavioral arrests in Kabova et al. (1999). Extensive
testing has been done in this model to determine if drugs that
show efficacy on spasms prevent or delay the expression of
tonic spasms when given prior to seizure induction (Table 2). Ini-
tial studies utilizing ACTH;_4 or rat ACTH,_39 pretreatment
showed no effect on emprosthotonic seizures (Velisek et al.,
2007). Pretreatment with high dose porcine ACTH,_3o, however,
reduced spasms in an independent study (Wang et al., 2012c).
Pretreatment with high doses of vigabatrin also reduced spasms
(Kubova and Mares, 2010) whereas variable results were seen
with other drugs (Table 2) (Kabova et al., 1999; Kubova and
Mares, 2010; Velisek and Mares, 1995).

In the long-term studies, deficits in learning and coordination and
reduced latencies for class V pentylenetetrazole induced general-
ized tonic clonic seizures have been reported but no overt epilep-
sy (Stafstrom and Sasaki-Adams, 2003). The value of this NMDA
model is that it has suggested a possible role for NMDA receptors
in the acute expression of tonic spasms. However no chronic epi-
lepsy ensues. It is interesting that recent genetic associations have
linked mutations of NMDA receptors 1 (GRIN1) and 2B (GRIN2B)
to patients with epileptic encephalopathies and IS (Epi4K.
Consortium, Epilepsy Phenome/Genome Project, et al., 2013;
Lemke et al., 2014). Two of the GRIN2B mutations were gain of
function mutations, because they were not sensitive to Mg™+
blockade and exhibited increased Ca* ™ permeability (Lemke
etal, 2014).

(ii) The perinatal stress — NMDA models.

The stress theory of IS pathogenesis has led to several variations
of the NMDA model which introduced perinatal interventions
that can alter HPA and stress responses prior to the postnatal
administration of NMDA. Prenatal i.p. administration of
betamethasone or forced restraint stress in pregnant rats at
gestational day 15 (G15) accelerated the onset and increased
the number of acute emprosthotonic seizures after NMDA injec-
tion in PN15 offspring (Chachua et al., 2011; Velisek et al.,
2007; Yum et al., 2012). Forcing the pregnant dams to swim in
cold water also accelerated and increased NMDA-induced
spasm frequencies in PN13 rats (Wang et al., 2012b). Postnatal
adrenalectomy in PN10 Wistar rats also reduced the latency to



138

Table 1
Models of epileptic spasms.
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Acute models of epileptic spasms

NMDA model Prenatal betamethasone/postnatal Prenatal Down/GBL
NMDA stress/postnatal NMIDA
References a b ¢ d
Method of induction NMDA i.p. Betamethasone i.p. (G15); NMDA  Restraint stress (G15); GBLi.p.

Relevant pathogenic
mechanisms/tiologies

NMDA receptor signaling is involved in
expression of spasms

ip. (PN12-15)

NMDA i.p. (PN15)

Prenatal corticosteroids or stress increase spasms severity
and augment their responsiveness to ACTH

GABAg receptor signaling is involved in
the expression of spasms in Down
syndrome

Species Rats Rats Rats Mice (Ts65Dn)
Age at spasms induction PN7-18 PN12-15 PN15 1 week-2 months
Ictal EDR Yes Yes N.R. Yes
Subsequent epilepsy N.R. N.R. N.R. N.R.
Response to ACTH Yes Yes Yes Yes
and/or vigabatrin
Behavioral/cognitive Deficits in learning and coordination, Hyperactivity; low anxiety (after  N.R. Not tested with GBL. Deficits reported
sequelae stereotypies repetitive induction of NMDA only at the Ts65Dn mouse model.
spasms)
Chronic models of epileptic spasms
TTX ARX CKO ARX KI Multiple-hit

References
Method of induction

Relevant pathogenic
mechanisms/etiologies

Species

Age at spasms
expression

Ictal EDR

Subsequent epilepsy

Testing with IS
treatments

Behavioral/cognitive
sequelae

e

Intrahippocampal or intracortical TTX
infusion (PN10-38)

Developmental desynchronization is
involved in expression of spasms and
hypsarrhythmia

Rats

PN21-adulthood

Yes
Yes

N.R.

N.R.

f

Targeted deletion of ARX from
ganglionic eminence

ARX as genetic etiology of spasms
Mice
Adulthood

Yes
Limbic seizures (PN14-17)

N.R.

N.R.

g

Expansion of first
polyamine tract repeat
of ARX

ARX as genetic
etiology of spasms

Mice
PN7-20

Yes
Yes (3.5-10 weeks of
age)
N.R.

Low anxiety, impaired
learning and
sociability

h

Right intracerebral doxorubicin and
lipopolysaccharide (PN3); PCPA i.p.
(PN5)

Structural and inflammatory lesions can
trigger spasms which are drug-resistant

Rats
PN4-PN13

Yes
Yes (after PN9 and in adulthood)

ACTH;_»4: No effect Vigabatrin: Spasm
reduction (transient)

Regression, impaired learning and
sociability

EDR: electrodecremental response; G15: gestational day 15; GBL: y-butyrolactone; N.R.: not reported; PCPA: p-chlorophenylalanine; PN: postnatal day.
Reproduced from Galanopoulou (2013) in a modified form with permission from Elsevier.
¢ Kabova et al. (1999), Mares and Velisek (1992), Stafstrom and Sasaki-Adams (2003), Wang et al. (2012c).

o

Yum et al. (2012).

Chachua et al. (2011), Velisek et al. (2007).

Frost et al. (2011, 2012), Lee et al. (2008).

c
4 Cortez et al. (2009).
e
f

Marsh et al. (2009).

& Olivetti and Noebels (2012), Price et al. (2009).
" Akman et al. (2012), Briggs et al. (2014), Jequier Gygax et al. (2014), Ono et al. (2011), Raffo et al. (2011), Scantlebury et al. (2010).

and severity of NMDA-induced spasms on PN11 (Wang et al.,
2012c). These models supported the idea that perinatal stress
may deteriorate the course of untreated NMDA spasms (shortens
the latency and increases the number of NMDA acute spasms),
yet the fact that all NMDA-injected rats manifest spasms deterred
from showing any effect on incidence of spasms, as suggested by
the clinical study on prenatal stressors (Shi et al., 2012).

A positive aspect of prenatal stressors is that they may improve
the responsiveness of NMDA spasms to ACTH. Doses of ACTH;_39
pretreatment, that had no effect on the NMDA model, effectively
delayed the onset of acute NMDA spasms on PN15 rats that had
been primed with betamethasone on G15 (Velisek et al., 2007)
or exposed to prenatal forced swim stress (Wang et al., 2012b).
Prenatally restrained rats, however, failed to respond to a single
dose of ACTH;_39 pretreatment but required repetitive adminis-
tration of higher ACTH;_39 doses (9 total doses of 0.3 mg/kg, be-
tween PN12 and 14) subcutaneously (s.c.) to delay and diminish
NMDA spasms on PN15 (Yum et al.,, 2012). These doses however
also impaired weight gain (Yum et al., 2012).

Among the other drugs tested in these models (Table 2),
vigabatrin and methylprednisolone (repetitive but not the single
dose) have shown efficacy when given prior to NMDA induction
(Chachua et al., 2011). The mTOR inhibitor rapamycin, previously
shown to be effective in the multiple-hit model of IS given after
the onset of spasms (Raffo et al., 2011), had no effect when
given prior to NMDA induction (Chachua et al., 2011). However,
the relevance of these findings is unclear, due to the lack of any ev-
idence for mTOR relevance or engagement in the betamethasone/
NMDA model and the different age groups used in the two studies
that make the dose equivalence unclear. Most importantly, the ef-
fects of rapamycin on naive rats (as done in the NMDA model) are
different compared to those in subjects with epilepsy (as in the
multiple-hit model) (Raffo et al., 2011). More recently, pretreat-
ment with ganaxolone, a neuroactive steroid, delayed and re-
duced NMDA spasms in the prenatal betamethasone model
(Yum et al., 2014). The therapeutic relevance of ganaxolone in IS
is currently unclear because the effect on spasms or flurothyl sei-
zures was only observed with high doses that can produce motor
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Table 2

Preclinical drug testing in acute models of epileptic spasms: drugs given prior to induction of spasms.
Drug NMDA model Prenatal betamethasone/postnatal NMDA Prenatal stress/postnatal NMDA Down/GBL
ACTH; 24 No effect on latency Shortens EDR

ACTH;_39 (rat synthetic)

ACTH;_39
(porcine, natural)

Hydrocortisone

Methylprednisolone

Vigabatrin

[0.1-0.4 mg/kg i.p.]*
No effect on latency
[0.1-0.4 mg/kg i.p.]*

Delays and reduces spasms
severity on PN11

[100 U/kg ACTH i.p.]°

No effect on PN13

[20 U/kg ACTH i.p.]f
Increases spasms

[10-25 mg/kg]®

Decreased spasms incidence
(600-1200 mg/kg)"

No effect with single dose®
Delay and reduction of spasms
after 9 doses [0.3 mg/kg/dose,
3 doses/day s.c.]

Delays [0.1 mg/kg i.p.] spasms®
Reduces spasms in PN15 rats

[0.3 mg/kg/dose s.c.; 8 total doses
given on PN12, PN13, PN14;

NMDA inj given PN12, PN13, PN15]°

Delay and reduction of spasms
on PN13 [20 U/kg ACTH i.p.]f

Repetitive but not single doses
reduce spasms incidence

[60 mg/kg]®

Decreases spasms incidence
(250 mg/kg)“

[40, 80 pg/mouse]”

No effect on EDR duration
[20-80 pg/mouse]”

Shortens EDR
(250-500 mg/kg)"

Pyridoxine (B6)

Clonazepam
Valproic acid

¢ Decreases spasms incidence;
induces epileptiform activity
(250 mg/kg)

No effect (0.2-1 mg/kg)'

No effect (100-400 mg/kg)";
Modest effect®

Ethosuximide

CGP 35348

Baclofen

5-Hydroxy-tryptophan

Shortens EDR
(100-400 mg/kg)®
Shortens EDR
(25-50 mg/kg)®
Shortens EDR
(50-200 mg/kg)®
Prolongs EDR
(0.5-2 mg/kg)®
Prolongs EDR
(100-150 mg/kg)®

Rapamycin No acute effect with low doses
[3 mg/kg i.p.]° )
Ganaxolone No effect (10 mg/kg i.p.)’

Reduces the number and delays onset
of spasms (25-50 mg/kg i.p.)’

Baclofen: GABAg receptor agonist; CGP 35348: GABAg receptor antagonist; GBL: 'y-butyrolactone; EDR: electrodecremental response; i.p.: intraperitoneally; s.c.: subcutaneously; U: units.

Reproduced from Galanopoulou (2013) in a modified form with permission from Elsevier.

2 Velisek et al. (2007).

b Cortez et al. (2009).

€ Chachua et al. (2011).

4 yum et al. (2012).

€ Wang et al. (2012c).

f Wang et al. (2012b).

& Kabova et al. (1999).

" Kubova and Mares (2010).
I Velisek and Mares (1995).
1 Yum et al. (2014).

impairment (Liptakova et al., 2000; Yum et al., 2014). In a multi-
center open label, add-on clinical trial of ganaxolone in infants
with refractory IS, 33% of the infants responded with at least 50%
reduction in spasms but only one of the 15 patients became
spasm-free (Kerrigan et al., 2000). The overall efficacy of
ganaxolone in this study, measured as spasm cessation, is less
than with other therapies (i.e., ACTH, vigabatrin) where optimal
outcome is considered the spasm cessation, yet the ganaxolone
study included only refractory, and not new-onset, IS. There are
no other published studies known to the authors that have evalu-
ated ganaxolone for human IS.

These prenatally stressed models have provided useful tools to
study mechanisms and brain regions implicated in the ACTH re-
sponsiveness of NMDA spasms, with particular emphasis on the
hypothalamic structures and peptides. Proteomics analysis of
total brain content in the prenatal forced swim/postnatal NMDA
model identified few proteins the expression of which changed
as a result of ACTH pretreatment (Wang et al., 2012b). These
were implicated in functions and pathways potentially affecting

neuronal development. However, similar to the NMDA model,
none of these models is known to manifest spontaneous seizures.
As a result, re-administration of NMDA has been used to study the
effects of various treatments on repetitive NMDA-induced spasms
over several days (Chachua et al., 2011). The NMDA and prenatal-
ly stressed NMDA models have been proposed as models of IS of
unknown etiology and it is unclear how relevant these target
mechanisms may be for the ACTH-refractory IS.
b. The y-butyrolactone/Ts65Dn mouse model.
The incidence of IS in Down syndrome ranges between 1.5 and 32%
(Goldberg-Stern et al., 2001; Pueschel et al., 1991; Romano et al.,
1990; Sanmaneechai et al., 2013). The presence of increased GABAg
receptor (GABAgR) mediated potassium currents in a mouse model
of Down syndrome, Ts65Dn (Best et al., 2007), was a reason to test
the effects of y-butyrolactone, a prodrug of the GABAgR agonist y-
hydroxybutyrate (Cortez et al., 2009). Although GABAgR agonists
trigger absence type seizures in other strains, in Ts65Dn mice, -
butyrolactone i.p. injection triggered facial myoclonus, vibrissae
twitching and acute epileptic extensor spasms associated with
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electrodecremental responses (EDR) (Cortez et al., 2009). However,
spasms are only acutely present and no other epilepsy phenotype
has been reported as a result of y-butyrolactone injections. Similar
to human IS, spasms in this model respond to ACTH (rat ACTH;_,4,
but not porcine ACTH;_3g) and vigabatrin. Drugs that reduce EDRs in-
clude valproate and GABAgR antagonists, consistent with the GABAgR
mediated induction mode. 5-Hydroxytryptophan worsened EDR,
consistent with a clinical observation that this drug increased IS in a
cohort of patients with Down syndrome (Coleman, 1971). Unexpect-
edly, ethosuximide also reduced EDRs, although no such evidence ex-
ists in human IS. This model has underlined the importance of
GABAgR pathway in the pathogenesis of spasms in Down syndrome.

Chronic models

d.

The tetrodotoxin (TTX) rat model.

Frost and Hrachovy had proposed that the asynchronous maturation
of brain regions (“developmental desynchronization”) due to vari-
ous genetic or acquired etiologies may underlie the pathogenesis
of IS (Frost and Hrachovy, 2005). The TTX model attempted to
model a focal arrest of brain development by focal chronic infusion
of TTX, a sodium channel blocker, in the right cerebral cortex or hip-
pocampus of Wistar rats starting at PN10-12 and continuing for
4 weeks (Lee et al., 2008). In the TTX model, spasms with EDRs
start to appear around PN21 and continue till adulthood without re-
mission. Although the persistence of TTX spasms does not conform
to the typical age-specificity of the classical IS, it has allowed to mon-
itor ictal and interictal EEG patterns with multiple electrodes in older
animals, something that is not currently possible in the younger rats.
Interictal EEGs in older animals identified an abnormal interictal
high amplitude, chaotic epileptic background, particularly during
non REM (NREM) sleep that resembled hypsarrhythmia or
hemihypsarrhythmia in certain cases where lower voltage was
present over the right frontocentral regions that were close to the
TTX infused region (Lee et al., 2008). Further, high frequency oscilla-
tions have been reported both ictally and interictally in this model
but were more prominent contralateral to the infusion hemisphere
(Frost et al.,, 2011, 2012). There are no published data yet on the ef-
fects of ACTH or vigabatrin in this model.

. The Aristaless-related homeobox X-linked (Arx) mouse models.

Arx is a transcriptional factor involved in the migration of GABAergic
progenitors and early commitment of cholinergic neurons (Friocourt
and Parnavelas, 2010). Arx genetic defects have been found in vari-
ous early life epileptic encephalopathies, including West syndrome,
and may or may not show pronounced structural brain and other ab-
normalities, as in X-linked lissencephaly with abnormal genitalia
(XLAG) (Dobyns et al., 1999; Kato et al., 2003; Stromme et al.,
2002). Neuropathological features of XLAG include loss of cortical in-
terneurons, gliosis and heterotopic neurons in the periventricular
white matter, corpus callosum agenesis, disorganization and atro-
phy of the striatum and diencephalon (Bonneau et al., 2002). The
migration deficit or decrease in cortical interneurons has been docu-
mented in 6 of the existing 8 mouse models of ARX (Kitamura et al.,
2009; Marsh et al., 2009; Price et al., 2009), introducing the term
“interneuronopathy” as a characteristic pathology underlying ARX-
related syndromes (Kato and Dobyns, 2005). Mice with conditional
Arx deletion at the dorsal telencephalon (Arx~/YEmx1¢¢) do not
demonstrate interneuronopathy, consistent with the Emx1 specifi-
cation for cortical pyramidal neurons (Chan et al., 2001; Simonet
et al., 2014). In contrast, conflicting reports of presence or absence
of interneuronopathy have been published for the Arx(S“7/Y mice
(Beguin et al,, 2013; Kitamura et al., 2009).

Only two ARX mouse strains have reported epileptic spasms: the
knockin (KI) model with extension of the first polyalanine repeats

of Arx (Arx(6c®)10 + 7y (Price et al., 2009) and a conditional knockout
model (ARX cKO) with Arx deletion from the ganglionic eminence
(Marsh et al., 2009) (Table 1). The Arx(¢®1° + 7 KI mouse model
manifests epileptic spasms between PN7 and 20 followed by other
types of seizures (behavioral arrests, generalized tonic-clonic
seizures, limbic seizures), as well as learning and sociability deficits
(Price et al., 2009). The ARX cKO mouse manifests limbic seizures
around PN14-17 and epileptic spasms in adulthood (Marsh
et al.,, 2009). Seizures but not spasms have been described in the
Arx(¢®7Y male mice with polyalanine expansion and the
Arx"3%L knockin mice (Kitamura et al., 2009). The Arx~/YEmx1<"®
mice without interneuronopathy do not have seizures (Simonet
etal., 2014). Overall, all the Arx mouse strains that manifest spasms
and/or seizures also have interneuronopathy, supporting its possible
association with these epilepsies. Many of the above strains also
have behavioral deficits, including the Arx "Emx1¢"¢, underlining
that etiology is an important factor in determining IS-related comor-
bidities (Price et al., 2009; Simonet et al., 2014).

The effects of ACTH or vigabatrin in the Arx mice have not yet been
tested. An interesting disease modifying effect of neonatal estradiol,
given prior to the first observation of spasms, was reported in the
Arx(6€6)10 + 7 mice (Olivetti and Noebels, 2012). Early (PN3-10)
but not late (PN33-40) administration of estradiol restores the un-
derlying interneuronopathy and ameliorates epilepsy in this
model, indicating the existence of a sensitive period for the effects
of estradiol. The fact that this is a genetic etiology IS model allows
the consideration and implementation of treatments starting prior
to the onset of spasms. However, more studies are needed to deter-
mine what is the specific developmental period in humans and if
this treatment might be relevant for IS of different etiologies.

. The multiple-hit rat model of IS due to structural lesion.

The multiple-hit model of IS was designed to model the more refrac-
tory form of IS due to structural lesions. Neuropathological and im-
aging studies had implicated cortical and subcortical pathologies in
infants with IS which led to the hypothesis that aberrant cortical-
subcortical communication patterns may underlie IS (Lado and
Moshe, 2002). The induction method utilized in this model included
therefore right intracerebroventricular infusions of the cytotoxic
agent doxorubicin and right intracortical infusion of the lipopolysac-
charide to target white matter, both given on PN3 (Scantlebury et al.,
2010). A subsequent intraperitoneal injection of the tryptophan hy-
droxylase inhibitor p-chlorophenylalanine (PCPA) was given on PN5
to deplete serotonin, due to old reports that serotonin metabolism
may be abnormal in infants with IS (Langlais et al., 1991;
Silverstein and Johnston, 1984; Yamamoto, 1991). This protocol re-
sulted in the expression of spasms between PN4 and 13 indicating
that PCPA was not necessary for their expression. PCPA has been
retained in the induction protocol because it increases the frequency
of spasms. Spasms are associated with epileptic ictal patterns and
EDRs with fast oscillatory activity while interictally the background
is epileptic (Briggs et al., 2014; Ono et al., 2011; Raffo et al., 2011;
Scantlebury et al.,, 2010).

The multiple-hit protocol results in cortical and subcortical lesion
predominantly in the right hemisphere, including the right sensori-
motor cortex and hippocampus (Briggs et al., 2014; Jequier Gygax
et al., 2014). On PN5 it mainly involves the right anterior dorsal
hippocampus but on PN20 it may expand to the right posterior
and ventral hippocampus. Specific stains however indicate loss of
interneurons at the contralateral homotypic sensorimotor cortex,
with the remaining showing abnormal morphology (unpublished
data).

This model generates a chronic evolving phenotype including
spasms (PN4-13), other types of seizures starting on PN9 (behavior-
al arrest, wild running, myoclonic, myoclonic-drop attacks, or sei-
zures resembling stage 4-5 limbic seizures), and adult epilepsy
(Akman et al., 2012; Raffo et al., 2011; Scantlebury et al., 2010).
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Spasms occur only between PN4 and 13, when pups learn to ambu-
late, as infants do. Furthermore, deficits in learning and sociability
and transient deterioration of neurodevelopmental motor reflexes
during the period of spasms have been documented (Raffo et al.,
2011; Scantlebury et al., 2010).

The multiple-hit model has been extensively used for screening for
new therapies given after the onset of spasms, as in clinical practice.
Similar to the IS from structural lesions, the observed spasms are
more refractory to current therapies: ACTH has no effect while
vigabatrin transiently reduces spasms (Scantlebury et al., 2010).
Treatments that are not effective in human IS, like phenytoin, have
no effect in this model (Ono et al., 2011).

There is a high association of human IS with conditions showing mTOR
overactivation (reviewed in Galanopoulou, 2013, Galanopoulou et al.,
2012). 38% of the people with tuberous sclerosis have IS, while few of
the known etiologies for IS (hemimegalencephaly, focal cortical dys-
plasias type IIB (FCDIIB), genetic defects) demonstrate increased activ-
ity of the mTOR pathway or its downstream targets (Chu-Shore et al.,
2010; Epi4K. Consortium, Epilepsy Phenome/Genome Project, et al.,
2013; EuroEPINOMICS-RES Consortium et al, 2014; Orlova and Crino,
2010; Orlova et al,, 2010). Increased expression of the phosphorylated
form of ribosomal protein S6 (pS6) was also seen in the cortex of the
multiple hit model rats during the period of spasms (Raffo et al.,
2011). Administration of pulse high dose of rapamycin, an mTOR in-
hibitor, given after the onset of spasms on PN4-6, successfully stopped
spasms and partially improved learning. This demonstrates that cogni-
tive deficits are not just due to the structural lesion and may be mod-
ifiable in an mTOR-dependent manner (Raffo et al,, 2011) (Table 3).
A single i.p. dose of carisbamate acutely suppressed spasms during the
first 3 h, through an unknown mechanism independent of sodium
channel blockade (Ono et al., 2011). Carisbamate has since been
granted orphan drug status for IS by the Food and Drug Administration
(FDA).

Another promising drug is CPP-115, a vigabatrin analog with high af-
finity for GABA aminotransferase that has shown lower retinal toxicity
than vigabatrin (Pan et al.,, 2012; Silverman, 2012). CPP-115 reduced
spasms in the multiple-hit model showing better efficacy/tolerability
profile than vigabatrin, at doses 400 times lower than vigabatrin

Table 3
Preclinical drug testing studies in the chronic models.

(Briggs et al, 2014). CPP-115 did not affect cognitive or
neurodevelopmental deficits, consistent with the clinical litera-
ture on vigabatrin (Lux et al., 2005). However, if the lower risk
for retinal toxicity is also confirmed in clinical trials, it may offer
a safer therapeutic option for the infants who are candidate for
vigabatrin. CPP-115 has been designated orphan drug for IS by
FDA and is currently on phase I trials. We found no effect for a
galanin receptor 1 (GalR1) analog NAX 5055, although the low
developmental expression of GalR1 could be the reason for the
lack of effect (Jequier Gygax et al., 2014).

Insights from the animal models for IS pathogenesis

The animal models have supported the relevance to IS of few of
the genetic pathways suggested by the human genetic associations
(Supplemental Table 1), including NMDA receptors, GABAg receptors
in Down syndrome, ARX, mTOR pathway, cortical-subcortical lesions
in early life. However, only certain of these induction methods result
in chronic phenotype.

The chronic phenotype of the syndrome ensues only in either genetic
models (i.e., ARX) or models associated with underlying lesions
(multiple-hit model) or after chronic infusion of chemical inducers (TTX
model), suggesting that the long-term presence of the inducer and/or as-
sociated pathology is needed to functionally reset the networks so that
the epilepsy and cognitive phenotype of West syndrome emerges. Specif-
ic pathologies documented in situ in some of these models include
interneuronopathy from genetic or acquired causes (ARX, multiple-hit
model) and mTOR overactivation (multiple-hit model). Therapies, like
mTOR inhibitors, that ameliorate these pathologies have also improved
partially the cognitive abnormalities, emphasizing the value of targeting
the relevant pathologies to effect disease modification.

Little is currently known on the pathophysiology of hypsarrhythmia,
since extensive video-EEG studies with sufficient number and spread of
electrodes is not possible currently in the very young animals. The TTX
model of hypsarrhythmia has provided electrophysiologic evidence for
multifocal abnormalities and pathologic high frequency oscillations
(HFOs) but correlation with specific histopathological substrates has
not been done yet.

Drug Protocol

Drug effect

References

Multiple-hit rat model
(treatments tested after onset of spasms)
ACTH 54 0.0125 mg/kg/day i.p., PN4-13

Vigabatrin (GABA
aminotransferase inactivator)
CPP-115 (high affinity vigabatrin

analog)?®

Single or daily administration, starting on
PN4; 0.1-1 mg/kg i.p.

No effect on spasms

10-20 mg/kg i.p. twice daily, starting on PN4 Transient suppression of spasms on PN5; higher doses
were not tolerated

Reduces spasms (PN5-7), no effect on learning or neurodevelopmental Briggs et al.
milestones, good tolerability;

Scantlebury et al.
(2010)
Scantlebury et al.
(2010)

(2014)

Rapid onset effect on spasms on PN6-7

Phenytoin
Rapamycin (mTOR inhibitor)

Single injection (PN4); 20-50 mg/kg i.p
1-3 mg/kg i.p. (PN4-12)

Pulse protocol (i.p.):

PN4: 6 mg/kg

PN5: 3 mg/kg

PN6: 3 mg/kg

Single injection (PN4 or PN6-7);

30-60 mg/kg i.p

Single injection (PN4);

Carisbamate®

NAX 5055 (galanin receptor 1

No effect on spasms

No acute but delayed effect on spasms only.

Rapid onset reduction of spasms;

Stops spasms and improves Barnes maze performance [PN16-19].

No effect on other seizures till PN20.

Transient loss of weight during treatment period.

Acute suppression of behavioral and electroclinical spasms during the
acute period (first 2-3 h)

No effect on spasms; but low expression of Galanin receptor 1

Ono et al. (2011)
Raffo et al. (2011)

Ono et al. (2011)

Jequier Gygax

preferring agonist) 0.5-4 mg/kg i.p. et al. (2014)
ARX KI mouse model
(treatment tested before onset of spasms)
Estradiol 40 ng/g s.c., Prevents spasms and epilepsy, restores interneuronal population in Olivetti et al.
PN3-10 cerebral cortex. (2014)

PN33-40 treatment has no effect.

i.p.: intraperitoneal; s.c.: subcutaneous.
2 These drugs have acquired orphan drug indication for infantile spasms by FDA.
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Are IS and non-IS epileptogenesis due to the same pathological cas-
cades? All the chronic models of IS exhibit long-term epilepsy with sei-
zures other than IS, yet not all animals with epileptic spasms manifest
other seizures implying the presence of protective factors. It is currently
unclear if early epileptic spasms are necessary for the development of
other types of seizures in these models. In the multiple-hit model in
which all rats develop spasms, early cessation of spasms with pulse
rapamycin did not affect the early appearance of other seizure types
till PN20. In human studies, it is however also known that IS cessation
does not prevent the expression of other types of seizures. Long-term
studies testing the potential anti-epileptogenic effect of pulse
rapamycin on the adult epilepsy are currently ongoing in the
multiple-hit model. However, the relative persistence of early seizures,
despite the cessation of spasms by pulse rapamycin, shows the com-
plexity of epileptogenic processes involved in different types of seizures
and possibly the need to explore epileptogenesis as a function of seizure
type. The availability of an increasing number of diverse models prom-
ises to help unravel the pathophysiology and treatment options for IS
and associated epilepsies and comorbidities. The challenge lies in that
each of these models is on a different species or age during develop-
ment, which guarantees ongoing changes in brain biology, connectivity
and function (Galanopoulou and Moshe, 2011). Further characteriza-
tion of these models and drug doses for target relevance and engage-
ment by the tested therapeutics will be necessary to fully evaluate the
potential and indication of each tested treatment.

Dravet syndrome, genetic epilepsies with febrile seizures
plus (Gefs+)

Dravet syndrome or severe myoclonic epilepsy of infancy usually
appears with prolonged febrile seizures, clonic or hemiclonic, and pro-
gresses with afebrile seizures that include myoclonic seizures, atypical
absences, focal or generalized seizures (Dravet and Oguni, 2013).
Seizures do not usually respond to the available antiepileptic drugs
and patients may exhibit paradoxical seizure exacerbation by phenytoin
or lamotrigine. Dravet syndrome also exhibits high risk for sudden
death in epilepsy (SUDEP). Dravet syndrome has been linked to genetic
defects in sodium channels (SCNs), like SCN1A (70-80% of patients) or
SCN1B, rarely the y2 subunit of GABA, receptors (GABRG2), while a
Dravet syndrome-like phenotype was linked with protocadherin
PCDH19 mutations (Claes et al., 2001; Fujiwara et al., 2003; Marini
et al., 2011; Nabbout et al., 2003; Ohmori et al., 2002; Patino et al.,
2009; Sugawara et al., 2002). SCN1A mutations have also been de-
scribed in more benign syndromes, like the genetic epilepsies with fe-
brile seizures plus syndrome (GEFS + ), which may include individuals
with febrile or afebrile seizures (focal or generalized) in the same
families (Escayg and Goldin, 2010; Escayg et al., 2000). The more severe
phenotype of Dravet syndrome due to SCN1A defects has been attribut-
ed to loss of function SCN1A defects in Dravet syndrome as opposed to
altered channel activity (occasionally gain of function) in GEFS+
(Escayg and Goldin, 2010; Schutte et al., 2014).

Animal models

Several animal models of SCN1A or SCN1B defects have been gener-
ated in rodents or non-mammalian species (Table 4). Most exhibit ei-
ther spontaneous or thermally induced seizures. The animal models of
Dravet and GEFS + syndromes have demonstrated differences in the
pathogenic consequences of SCN1A or SCN1B defects. Functional
interneuronopathy has been implicated in Dravet syndrome due to
SCN1A genetic defects whereas overactivity of excitatory neurons in
SCN1B related Dravet syndrome. The availability of both rodent and
non-mammalian models has already started to yield promising results
in identifying candidate therapies.

In favor of the theory that interneurons are dysfunctional in the
SCN1A mice, enhancement of GABA, receptor transmission had

beneficial effects in several mouse models. Clonazepam, a GABA4 recep-
tor allosteric modulator, protected against myoclonic and generalized
tonic-clonic thermally induced seizures in the SCN1A KO mouse
(Oakley et al., 2013) and also improved abnormal social behaviors and
deficits in fear memory (Han et al., 2012). Tiagabine, a presynaptic
GABA uptake inhibitor, protected against generalized tonic—clonic sei-
zures but had dose-dependent effects against myoclonic seizures
(Oakley et al., 2013). In the R1407X SCN1A KI mouse, a drug that en-
hances GABA, receptor function and possibly GABA levels, stiripentol,
increased the threshold to thermal seizures and had synergistic effect
with clonazepam (Cao et al,, 2012). In the N1417H SCN1A rat, methyl-
phenidate inhibited thermally induced seizures and improved hyperac-
tivity and spatial learning (Ohmori et al., 2014). Ketogenic diet
improved flurothyl seizure thresholds in the heterozygous SCN1A KO
and R1648H mice (Dutton et al., 2011). Genetic ablation of tau protein
in the R1407X KI mouse reduced mortality and epilepsy severity, sug-
gesting that targeting this pathway might be of benefit (Gheyara et al.,
2014).

The zebrafish model has allowed for higher throughput screening of
new therapies, based on the type and frequency of swim and the effects
on electrophysiologically recorded activities in agar-immobilized larvae
(Baraban et al., 2013). In the zebrafish Scn1Lab model, effective antisei-
zure treatments included ketogenic diet, diazepam, valproate, potassium
bromide and stiripentol, whereas vigabatrin, carbamazepine,
ethosuximide, phenytoin, had no effect. In this screen, a new compound,
the H1 antagonist and NS4B RNA-inhibitor clemizole also showed effica-
cy posing this as a candidate new drug for further preclinical evaluation.

Increased mortality is noted in some of these models, like the
R1407X KI model (Auerbach et al., 2013; Ogiwara et al., 2007), the
SCN1A cKO model in forebrain or hippocampal neurons (Cheah et al.,
2012) or GABAergic interneurons (Ogiwara et al., 2013), the R1648H
KI mouse (Martin et al., 2010) and the SCN1B KO (Chen et al., 2004)
or SCN1B C121W KI (Reid et al.,, 2014) mouse models. Using conditional
SCN1A knockouts, Ogiwara et al. demonstrated that selective deletion in
GABAergic interneurons triggers epilepsy and early mortality while de-
letion in forebrain excitatory neurons does not (Ogiwara et al., 2013).
Another interesting feature is the compensatory role of the network in
these interactions, since dual knockout of SCN1A in both excitatory
and inhibitory neurons may ameliorate epilepsy (Ogiwara et al.,
2013). Furthermore, the strain used may modify the severity of the phe-
notype. Heterozygous SCN1A +/— mice on 129S6/SvEvTac had no overt
phenotype, unlike C57BL/6] that had severe epilepsy and early mortality
(Mistry et al., 2014). These strain differences also followed the gene-
related abnormalities in sodium currents.

Both central and cardiac causes have been evoked to explain the
early lethality. Mortality was higher in brain than in cardiac specific
SCN1A knockouts, supporting a seizure or CNS related etiology in
early death (Kalume et al., 2013). However, cardiac arrhythmias were
noted in the R1407X SCN1A KI mouse and cardiac myocyte hyperexcit-
ability (Auerbach et al., 2013) supporting that cardiac abnormalities
may also contribute and potentially aggravate the cardiac function
under seizure-related stress.

Other genetic EIEEs

Several genes have been linked so far with EIEEs presenting early in
life with different types of seizures including tonic spasms, myoclonic or
focal seizures (Carvill et al., 2013). For some of these conditions genetic
mouse models have been generated to test the epileptogenic effects of
the mutation and mechanisms underlying these. These include the
ARX models (EIEE1) and SCN models (Dravet syndrome, GEFS+,
EIEEG) described above. Here we will refer to selected EIEEs for which
there are mouse models generated for the relevant genetic defects. In-
terestingly, most of these mouse models of EIEE have been used to
study possible mechanisms but have not consistently yielded epilepsy
phenotypes.
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Mouse model Genetic defect Phenotype Human Reference
syndrome
Mouse models
SCN1A KO Deletion of last exon (domain IV,  Heterozygous: Dravet Kalume et al. (2007, 2013),
S3-S6 segment and C-terminus)  Thermal induced myoclonic and generalized seizures Oakley et al. (2009), Yu et al.
(PN20-22, PN30-46); (2006)
Spontaneous seizures (>PN32);
Interictal spikes at normal temperature (PN30-46)
SCN1A cKO Exon 25 deletion, in forebrain Selective loss of Nav1.1 in forebrain cortical and hippocampal Dravet Cheah et al. (2012)

SCN1A KI, R1407X

SCN1A cKO

GABAergic interneurons

R1407X nonsense mutation

Conditional deletion of exon 7

BAC transgene with R1648H mutation

R1648H mutation

SCN1A KI, R1648H

SCN1B KO

SCN1B KI, C121W

Human R1648H mutation

SCN1B deletion (both 31 and p1A
isoforms)
Human C121W SCN1B mutation

SCN8A KI,N1768D  Human SCN8A N1768D mutation

Rat models
SCN1A N1417H

Other animal models

Scnllab
(zebrafish)

N1417H mutation (not seen in
humans)

Met to Arg mutation in domain III

GABAergic neurons;

Spontaneous seizures (stage 3-5, racine);

Premature death after seizures (PN18-22);

Thermal induced seizures (PN22)

Heterozygous:

Low threshold in pentylenetetrazole seizures;

QT prolongation, ectopic ventricular foci, idioventricular rhythms,
beat-to-beat variability, ventricular fibrillation, focal bradycardia;
23% mortality

Heterozygous and homozygous: Spontaneous seizures in

1st postnatal month

Cardiac myocytes, heterozygous:

Increased excitability, action potential duration

Deletion in global inhibitory neurons:

Heterozygous develop spontaneous seizures (PN16) with
occasional subsequent death.

Homozygous: PN10-15: hypoactivity, jerks; death by PN15
Deletion in forebrain excitatory neurons:

No spontaneous seizures

Deletion in forebrain excitatory neurons and haploinsufficiency
in inhibitory neurons:

Ameliorates seizure-related sudden death

Deletion in parvalbumin interneurons:

Homozygotes: Ataxia and spontaneous seizures and ataxia
(PN10 and PN14 respectively; Death by PN30)

Heterozygotes: Spontaneous seizures and death after PN16
More severe kainic acid seizures

Cortical interneurons with slower recovery from inactivation and
increased use-dependent inactivation of sodium channels
Homozygous:

Spontaneous generalized seizures (jump, jerks, head nodding,
clonus, hindlimb extension);

Lower thresholds to hyperthermic or flurothyl seizures;
Premature death PN16-26;

Cortical interneurons with reduced firing, slower recovery from
inactivation and increased use-dependent inactivation of
sodium channels.

Heterozygous: less severe phenotype than homozygous.
Homozygous:

Ataxia, spontaneous seizures, early mortality.

Homozygous:

Tremor, jerks, hunched back, poor weight gain, early mortality;
Spontaneous seizures (stage 1-6, racine);

Thermal seizures;

Seizures respond to diazepam, stiripentol but not to lamotrigine;
Thermal seizures respond to retigabine

Increased excitability of layer 2/3 pyramidal neurons but no
change in CA1 or Layer 5 pyramidal neurons;

No change in GABAergic IPSCs in subicular neurons;

Reduced arborization of neurons

D/D: tremor, ataxia, generalized clonic tonic seizures, mortality
(onset 3 weeks)

D/—: tremor, ataxia, generalized clonic tonic seizures, mortality
(onset 3 weeks)

D/+: seizures, no early mortality

5 week old:

Increased grooming, hyperactivity, anxiety like behavior, slower
learning, less time on rotarod, no spontaneous seizures.
Methylphenidate inhibits thermally induced seizures.

In vivo: increased swim activity, unprovoked whole body
convulsions and rapid undirected movements
Extracellular field recordings in agar immobilized larvae:
seizure patterns; hyperthermia induced seizures

Dravet Auerbach et al. (2013),
Ogiwara et al. (2007)

Dravet Ogiwara et al. (2013)

GEFS + Tang et al. (2009)

GEFS+ Martin et al. (2010)

Dravet Chen et al. (2004)

Dravet Reid et al. (2014)

Wagnon et al. (2015)

Ohmori et al. (2014)

Dravet Baraban et al. (2013)

(continued on next page)
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Table 4 (continued)

Mouse model Genetic defect Phenotype Human Reference
syndrome
SCN1AKI,S1231R  S1231R mutation Spontaneous and thermal seizures; Dravet Schutte et al. (2014)
(Drosophila) Loss of function mutation: Reduced sodium current activity and
repetitive firing in cortical interneurons
SCN1AKI, K1270T  K1270T mutation Thermal seizures; GEFS + Schutte et al. (2014)

(Drosophila)
range than control

Gain of function mutation: Increased sodium current conductive

cKO: conditional knockout; GEFS +: genetic epilepsies with febrile seizures plus; KO: knockout; SCN: sodium channel.

EIEE2 and CDKL5

Cyclin dependent kinase like 5 (CDKL5) mutations may lead to early
onset seizures and hypotonia, epileptic encephalopathy with IS, and
refractory tonic or myoclonic seizures and atypical Rett semiology. Sub-
sequent features include stereotypies, motor rigidity and language or
cognitive deficits. CDKLS5 is a Ser/Thr kinase that maps on X chromo-
some and therefore predominantly affects girls (Kalscheuer et al.,
2003; Scala et al., 2005; Weaving et al., 2004). The mutations are
thought to result in loss of function of CDKL5 a kinase that in vitro phos-
phorylates MeCP2, providing a link to the genetic pathway that is dis-
turbed in Rett syndrome (Mari et al., 2005).

Deletion of CDKL5 in mice reproduced several of the neurological
phenotypes but there was no epilepsy detected in hemizygous male
mice. Loss of CDKL5 in male mice generates autistic-like phenotype
and deficits in motor control and fear memory (Wang et al.,, 2012a). In
a subsequent study CDKL5 KO mice showed hypoactivity, limb clasping,
abnormal eye tracking and reduced amplitude of visual evoked poten-
tials with a gene dosage effect on motoric deficits (Amendola et al.,
2014). The phenotype in conditional CDKL5 KO mice was different in
deletions targeted to the Emx1-positive excitatory (hindlimb clasping)
versus DIx5/6-positive inhibitory neurons (hypoactivity) in male hemi-
zygous mice (Amendola et al., 2014). Pathologically there was reduced
activity of the mTOR pathway (Amendola et al., 2014; Wang et al,,
2012a).

EIEE4 and STXBP1

Syntaxin binding protein 1 (STXBP1, MUNC18-1) is involved in pre-
synaptic neurotransmitter release. STXBP1 gene defects have been iden-
tified in early epileptic encephalopathies in humans, such as early onset
IS, EIEE with suppression bursts, focal or multifocal seizures (Barcia
etal, 2013, 2014; Boutry-Kryza et al., 2015; Epi4K. Consortium, Epilepsy
Phenome/Genome Project, et al., 2013; Michaud et al., 2014; Saitsu
et al.,, 2010). Many of these reports describe refractory seizures (tonic,
myoclonic, clonic), intellectual disabilities. However, in some cases the
course is benign ending in seizure freedom or control and is associated
with characteristic MRI patterns of frontal hypoplasia, thin and dysmor-
phic corpus callosum (Barcia et al., 2014). In mice, haploinsufficiency of
STXBP1 results in anxiety-like behavior but no seizures have been re-
ported (Hager et al., 2014). Munc18-1 deficient mice have been used
for their inability to secrete neurotransmitters and showed that
Munc18-1 KO does not impair synaptogenesis but is important in main-
tenance of synapses.

EIEE7 and KCNQ2

KCNQ2 are voltage sensitive K channels that are important for the
maintenance of resting membrane potential and repolarization of neu-
rons during the termination of the action potentials. KCNQ2 channel
mutations have been linked with benign familial neonatal convulsions
or “fifth day fits” which have benign prognosis. Occasional cases
of more severe epilepsy course have been reported with IS or

suppression bursts and cognitive impairment (Epi4K. Consortium,
Epilepsy Phenome/Genome Project, et al., 2013; EuroEPINOMICS-RES
Consortium et al, 2014). KCNQ2 KO mice have confirmed the gene im-
portance for excitability even though no spontaneous seizures have
been reported in these mice. KCNQ2 heterozygous mice have increased
sensitivity to pentylenetetrazole (PTZ) seizures (Watanabe et al., 2000).
Similarly, Szt1 mice that have low threshold to electroconvulsive sei-
zures have a 300 kb deletion that includes the last four exons of
KCNQ2 gene (Yang et al,, 2003).

EIEE13 and SCN8A

Sodium channel 8A or Nav1.6 o subunit is highly expressed in the
brain and especially at the axon initial segment and nodes of Ranvier
where they control the initiation and propagation of action potentials.
At least 30 de novo mutations in SCN8A have been described in individ-
uals with early infantile epileptic encephalopathy 13 (EIEE13) who had
early refractory epilepsy, autism and intellectual disabilities and occa-
sionally with movement disorders or SUDEP (Blanchard et al., 2015;
Epi4K. Consortium, Epilepsy Phenome/Genome Project, et al., 2013).
SCN8A mutations have also been described among the de novo muta-
tions found in IS and Lennox Gastaut syndrome (Epi4K. Consortium,
Epilepsy Phenome/Genome Project, et al., 2013). Three of the seven
SCN8A mutations identified so far were gain of function (N1768D,
T7671, N984K) (Blanchard et al., 2015; Estacion et al., 2014; Veeramah
etal, 2012).

Wagnon et al. recently described the phenotype of a SCN8A N1768D
KI mouse that manifested tremor and ataxia followed by generalized
clonic-tonic seizures and death. The age at expression of these symp-
toms was younger in the homozygous (D/D) than in the mouse with a
single allele that harbored the mutation, while no symptoms were evi-
dent in mice with one mutated and one wild type allele (D/+) (Wagnon
et al., 2015). The authors explain the delayed onset of the symptoms by
the compensatory presence of SCN2A at the axon initiating segment
during the first two weeks of life. Other models of loss of function of
SCN8A may demonstrate movement disorders and cerebellar symp-
toms, such as dystonia, ataxia, tremor and progressive paralysis
(Kearney et al.,, 2002; Sprunger et al., 1999).

EIEE15 and ST3GAL3

ST3 beta-galactoside alpha-2,3-sialyltransferase 3 (ST3GAL3) muta-
tions have been described in West syndrome patients (Edvardson et al.,
2013). ST3GAL3 catalyzes the transfer of sialic acid onto galactose
containing substrates. ST3GAL3 is one of the two sialyltransferases re-
sponsible for the terminal sialylation of brain gangliosides (Sturgill
etal,, 2012). Dual ST3GAL3/ST3GAL2 KO mice lack almost all of the gan-
gliosides in the brain and have problems thriving, are small in weight
and die prematurely (Sturgill et al., 2012). ST3GAL3 deficient mice
show enhanced allergic eosinophilic airway inflammation (Kiwamoto
et al., 2014), small litter size (Sturgill et al., 2012) but the neurological
phenotype was not described. The exact mechanisms involved in
epileptogenesis in this genetic condition are not known. It is possible
that deficiency of this enzyme could disturb the membrane localization
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and functionality of receptors and other plasma membrane molecules
involved in signaling pathways. Additionally, it may enhance inflamma-
tory or autoimmune processes that could contribute to epileptogenesis.

EIEE17 and GNAO1

De novo mutations of GNAO1, o subunit of G, (Ga,) which is a Gijo
protein that inhibits adenylyl cyclase, were found in four girls with EIEE,
three of which had Ohtahara syndrome. The fourth manifested
opisthotonus and developmental delay at 7 months. Two of the patients
with Ohtahara syndrome progressed to hypsarrhythmia and two
had involuntary movements (dystonia or chorea and athetosis)
(Nakamura et al., 2013). Myelination defects were present in two of
the patients. The predicted consequences of the human mutations are
either destabilization of the Ga fold or impairment of GTP binding or
downstream signaling (Nakamura et al.,, 2013).

Mice heterozygous for the G184S Gnao1 gain of function mu-
tation manifest early lethality, epileptic discharges in the EEG
and increased sensitivity to PTZ kindling and rare spontaneous
seizures (Kehrl et al., 2014). Interestingly strain seemed as an
important modifier of the phenotype: early lethality and sus-
ceptibility to PTZ kindling was seen on a B6 but not on a 129
background.

EIEE18 and SZT2

Seizure threshold 2 homolog (Szt2) gene was first associated to
low threshold for electroconvulsive (ECT) seizures and increased
kindling susceptivility in mice that had undergone ethylnitrosurea
(ENU) mutagenesis (Frankel et al., 2009). Szt2 is a peroxisomal pro-
tein involved in oxidative stress response. While no spontaneous sei-
zures have been described in this mouse, several reports linking Szt2
genetic defects to either epilepsy and/or intellectual disabilities have
surfaced (Basel-Vanagaite et al., 2013; Falcone et al., 2013). Com-
plete loss of Szt2 leads to early onset autosomal recessive epileptic
encephalopathies, severe neurodevelopmental deficits and dysgene-
sis of corpus callosum (Basel-Vanagaite et al., 2013). Mutations pre-
dicted to have a lesser impact in Szt2 function caused milder
intellectual disabilities not necessarily associated with epilepsy
(Falcone et al., 2013).

MEF2C disruption

Myocyte enhancer factor-2 family member C (MEF2C) has been
implicated in myogenesis, cardiac, neural crest and craniofacial devel-
opment, and neurogenesis. MEF2C mutations, deletions or duplications
have been linked with human epilepsy syndromes, developmental or
intellectual disabilities, autism, and cerebral malformations (reviewed
in Novara et al., 2013). MEF2C deletions may also cause corpus callosum
(47%) and other cerebral abnormalities (84%). MEF2C deletions cause
infantile-onset epilepsy, expressive aphasia and developmental disabil-
ities, strabismus, and bear some resemblance to Rett-like syndrome. At
the other end of the spectrum, MEF2C duplication causes developmen-
tal disabilities and microcephaly.

MEF2C null mice lack the right ventricle of the heart (Lin et al.,
1997), show vascular malformations (Bi et al., 1999) but die before
birth. Conditional MEF2C knockout in nestin-expressing neural progen-
itors results in viable mice that have smaller size and aberrantly
compacted neurons in the lower layers of the cerebral cortex, smaller
brain size, and behavioral deficits (Li et al., 2008). These included in-
creased anxiety, paw wringing and clasping stereotypies, and spatial
cognitive deficits (Li et al., 2008). However no spontaneous seizures
have yet been reported in these mice.

Models studying the impact of subclinical epileptiform discharges
on brain function

Among the most dramatic forms of epileptic encephalopathies in
childhood are those manifesting with language, cognitive and/or behav-
ioral regression in the setting of a very epileptic EEG. Landau Kleffner
syndrome or acquired epileptic aphasia and the syndrome of continu-
ous spike and waves in slow wave sleep (CSWS), with more global
deterioration, are characteristic examples having as prominent feature
the sleep related aggravation of epileptic activities (Galanopoulou
et al., 2000; Tassinari et al., 1992). The short- and long-term effects of
epileptiform discharges on brain function have been investigated in
both clinical and animal studies.

Clinical studies have shown that transient focal or generalized epilep-
tiform discharges may cause transitory cognitive impairment (Aarts
et al,, 1984; Binnie et al,, 1987) or visual response delay or impairment
in the presence of posterior spikes (Shewmon and Erwin, 1988). Subclin-
ical epileptiform discharges even shorter than half a second may also
affect driving behavior (Kasteleijn-Nolst Trenite et al., 1987;
Kasteleijn-Nolst Trenite and Vermeiren, 2005). Epileptiform discharges
are more deleterious when they occur within the 2 s prior to or coinci-
dent to the stimulus presentation (Binnie et al., 1987; Shewmon and
Erwin, 1988). The location of the discharges may determine the type of
functional impairment. Left sided discharges affect verbal tasks and
right sided impair spatial tasks whereas occipital spikes were more likely
to influence response to visual stimuli. On the other hand, the type of
task presented (topographical vs verbal vs driving) may affect the fre-
quency of discharges further complicating the interpretation (Binnie
et al,, 1987; Kasteleijn-Nolst Trenite and Vermeiren, 2005).

Studies in adult rats also demonstrated that hippocampal spikes may
alter neuronal firing rates in a cell-type specific mode. Spontaneous hip-
pocampal spikes a month following lithium-pilocarpine induced status
epilepticus or 14 h after 4-6 flurothyl seizures reduced the firing rates in
hippocampal interneurons but not place cells (Zhou et al., 2007).
Holmes and collaborators demonstrated the functional disruption
caused by subclinical hippocampal spikes in adult rats. Electrical stimu-
lation of the ventral hippocampal commissure produced hippocampal
spikes without seizures in sleep only and resulted in prolonged times
to reach the escape platform (Shatskikh et al., 2006). Spikes induced
by intra-hippocampal pilocarpine impaired performance in delayed-
match-to-sample task when spikes occurred during memory retrieval
but not during memory encoding or maintenance (Kleen et al., 2010).

In developing animals, several studies have assessed the short term
(after spike cessation) and long term effects of spikes. Short-term effects
of spikes have been shown the day after spike cessation. Chow et al.
examined the impact of chronic epileptiform discharges in the visual
system of the developing rabbit on the development and visual recep-
tivity of neurons of the striate cortex and lateral geniculate body neu-
rons (LGN). Chronic focal epileptiform discharges were generated in
the LGN of rabbits that received twice daily focal infusions of penicillin,
starting on PN6-8 and continuing for 19-14 days (Chow et al., 1978). A
day after discontinuation of the infusions, and when epileptic dis-
charges were not present, LGN recordings demonstrated significant dis-
ruption in the normal development of receptive fields. These disruptive
effects of chronic epileptiform discharges were age-specific and not
seen in adult rabbits (Baumbach and Chow, 1981). Similar results
were seen using chronic bicuculline (GABA4 receptor antagonist) infu-
sions in the monocular striate cortex from PN8-9 till either PN19-24
(for LGN recordings) or PN24-30 (for striatal neuron recordings)
(Ostrach et al., 1984). In the bicuculline-infused striatal cortex, there
was an abnormally high percentage of neurons showing no response
and a parallel decrease in oriented cells.

Delayed or long-lasting effects of early life spikes may be document-
ed in adulthood. In separate studies of developing male rats, spikes were
induced with low doses of flurothyl given for 4 h over 10 days, starting
at PN12, under EEG monitoring and performance in Morris water maze,
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four trial radial arm water maze and long-term potentiation was
assessed in adulthood (Khan et al., 2010). Rats with early life
flurothyl-induced spikes showed impaired reference memory and
long-term potentiation. Repetitive bicuculline infusions in the prefron-
tal cortex of PN21-25 rats impaired attentiveness and social behavior
in adulthood but had no effect on working memory, motivation, anxiety,
or activity level (Hernan et al., 2014a). To test whether ACTH, which is
currently used in the treatment of children with LKS or CSWS, improves
outcomes, ACTH (Acthar gel, 150 IU/m?) was given once daily 1 h prior
to the first daily bicuculline infusion between PN21 and 25 (Hernan
et al., 2014b). ACTH ameliorated modestly the impaired attentiveness
but had no effect on spikes or sociability.

These studies have provided model systems to demonstrate not only
that subclinical spikes may have acute, short-term or long-term disrup-
tive effects on specific brain functions but also that the specific task or
experimental paradigm may affect the frequency of spikes. Further-
more, spike source/localization and frequency, laterality, and timing in
reference to the studied function are important factors in determining
the type and severity of impairment. However, a factor suggested by
some of these studies and clinical experience, but not evaluated in
depth so far, is the impact of background dysfunction on the short or
long-term outcomes of spikes. Shewmon and Erwin suggested that
the after-coming slow wave (surround hyperpolarization) may also dis-
rupt cortical function (Shewmon and Erwin, 1988) whereas the partial
amelioration of attentiveness by ACTH pretreatment in adult rats with
early life bicuculline-induced spikes seemed independent of any effect
on spikes (Hernan et al., 2014b). Similarly, in most epileptic encepha-
lopathies in humans, there is a degree of background slowing or dys-
function that could certainly contribute to the outcomes.

Dissociation between epileptiform discharges and cognitive dysfunc-
tion was also shown in a rat model of atypical absence seizures, the AY-
9944 model (Chan et al.,, 2004; Cortez et al., 2001). Repetitive adminis-
tration of AY-9944, a cholesterol biosynthesis inhibitor, in PN2, PN8,
PN14, and PN20 Long Evans hooded rats results in persisting appearance
of recurrent, spontaneous atypical bursts of 4-6 Hz slow spike wave dis-
charges (SSWDs) (Cortez et al., 2001) and show impairment in spatial
learning and working memory in the radial arm maze test (Chan et al.,
2004). Abolishing the SSWDs with ethosuximide in AY-9944 rats failed
to restore the performance of these rats. Conversely, low doses of the
GABAg receptor inhibitor CGP35348 that did not affect SSWDs improve
performance in the radial arm maze (Chan et al.,, 2006). These studies
support that factors other than the acute presence of SSWDs or spikes
may also underlie these cognitive deficits. These may include direct or in-
direct effects of the etiology (in humans) or induction method (in animal
models), which may affect either the neurobiological processes or envi-
ronmental factors that influence the cognitive and behavioral perfor-
mance. For example, in developmental studies the induction method
may prevent the dam to appropriately nurse the offspring which may
have deleterious effects on its own. Similarly, in humans, it is difficult
to dissociate the impact of the etiology of spikes or concurrent epilepsy
or societal and environmental changes from the spike effects. The fact
however that different modes of spike or epileptiform discharge induc-
tion or different etiologies in humans demonstrate similar effects corrob-
orates the possibility that spikes may have adverse effects.

Conclusions

There is an increasing surge of animal models of early life epilepsies
and epileptic encephalopathies that have provided useful tools for
studying the role of specific pathogenic processes, the mechanisms
through which certain known treatments work, or the identification
of novel candidate therapies and target mechanisms, particularly for IS
and Dravet syndrome. In genetic EIEE models the availability of mouse
models of the specific genetic defects has allowed for the confirmation
of the pathogenicity of these genes, or their relevance to the epilepsy
or cognitive and neurodevelopmental deficits of the specific epilepsy

syndrome. It has also become evident that strain and genetic substrate
may modify the outcome, as is also known in humans. The value of
these models for identifying and elucidating target mechanisms for
epileptogenesis and epilepsy-related comorbidities is obvious. A classi-
cal example of a target-based therapy that emerged from animal studies
and has been introduced in clinical studies is the use of mTOR inhibitors
for epilepsy associated with tuberous sclerosis or mTOR-related genetic
epilepsies (Cardamone et al., 2014; Krueger et al., 2013; Parker et al.,
2013; Wiegand et al., 2013; Zeng et al,, 2008).

How well may these animal models serve a major epilepsy bench-
mark, which is to successfully deliver new and more effective therapies
in the clinical arena for early life epilepsies and epileptic encephalopa-
thies, especially when there are so many species differences in biology,
brain maturation and function, habitat and life style? Are these animal
models of EIEEs validated and capable of de-risking therapy develop-
ment for these usually medically refractory and devastating epilepsy
syndromes? Currently, validation of animal models of EIEE can mostly
rely on etiologic or phenotypic similarities to the human syndrome. Val-
idation based on the response to specific therapies may be difficult for
early life epilepsies. The rarity of many of these EIEEs has precluded
large sample rigorous clinical studies and the reliable delineation of the
panel of appropriate vs ineffective treatments, based on which one
could validate these models. Even for syndromes with few known appro-
priate therapies, as in IS, there is still a significant percent of infants that
are nonresponders from the start and for whom we still need to find ef-
fective treatments. The progress in animal models of EIEEs will therefore
be invaluable in fulfilling these knowledge and treatment gaps. The re-
cent and ongoing progress in yielding new candidate therapeutic targets
and treatments using many of these animal models or IS or Dravet syn-
drome is certainly a ray of hope that the landscape may soon change.
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