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The incidence of seizures and epilepsies is particularly high during the neonatal and infantile
periods. We will review selected animal models of early-life epileptic encephalopathies that
have addressed the dyscognitive features of frequent interictal spikes, the pathogenesis and
treatments of infantile spasms (IS) or Dravet syndrome, disorders with mammalian target of
rapamycin (mTOR) dysregulation, and selected early-life epilepsies with genetic defects.
Potentially pathogenic mechanisms in these conditions include interneuronopathies in IS
or Dravet syndrome and mTOR dysregulation in brain malformations, tuberous sclerosis, and
related genetic disorders, or IS of acquired etiology. These models start to generate the first
therapeutic drugs, which have been specifically developed in immature animals. However,
there are challenges in translating preclinical discoveries into clinically relevant findings.
The advances made so far hold promise that the new insights may potentially have curative or

disease-modifying potential for many of these devastating conditions.

he neonatal and infantile periods show rel-
Tatively high age-adjusted incidence of epi-
lepsy compared with other ages of life (Hauser
et al. 1993). The etiology of newly diagnosed
epilepsies at these ages also is distinct, showing
greater representation of epilepsies of unknown,
genetic, or congenital etiologies (Hauser et al.
1993). The semiology and syndromic pheno-
types of epilepsies that first appear in this early
life period are also distinct and often more
fulminant, appearing with evident neurodevel-
opmental problems or regression (e.g., epilep-
tic encephalopathies) or characteristic seizure
types (e.g., infantile spasms [IS], multifocal
clonic seizures) (Table 1). In addition, the

treatments for epilepsies of these age groups
can be specialized, as is the case with the use
of hormonal therapies (e.g., adrenocorticotro-
pic hormone [ACTH] in certain epileptic en-
cephalopathies). Given the serious repercus-
sions for the development of these neonates
and infants and the importance of finding bet-
ter therapies with disease-modifying potential,
several efforts have been made to create animal
models of these conditions to increase our un-
derstanding and ability to treat them. Here, we
will review selected animal models, genetic
or induced, that address epilepsies and epilep-
tic encephalopathies characteristic of neonates
and infants.
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Table 1. Animal models of early-life epilepsies and epileptic encephalopathies

Early-life epilepsy syndrome

Known etiologies

Animal models

Epileptic encephalopathies
West syndrome

Lennox—Gastaut syndrome

Ohtahara syndrome

EIEE with suppression burst

Early myoclonic encephalopathy

Dravet syndrome (severe
myoclonic epilepsy)

Myoclonic status in
nonprogressive encephalopathy

Landau—Kleffner syndrome

Epilepsy with CSWS

Migrating partial epilepsy
Myoclonic astatic epilepsy

Early-life epilepsies of genetic origin

Benign familial neonatal
convulsions

Structural metabolic
genetic (multiple)

Structural metabolic
genetic (multiple)

Structural metabolic
genetic

(ARX, CGl,
STXBP1)

CG1/SLC25A22

STXBP1

SCNI1A, PCDH19,
GABRG2

Structural (malformations,
vascular)

Structural (malformations,
vascular)

Genetic (SCN1A, GABRG2)

KCNQ2/3

Early-life epilepsies, structural/metabolic

Cortical dysplasias

Tuberous sclerosis

Acute
NMDA rat model
Prenatal betamethasone//stress,
postnatal NMDA rat model
GBL/Down syndrome mouse
Chronic
TTX rat model
ARX CKO mouse (Al’Xi/Y CKOy
ARX KI mouse (Arx(GC910+7)
Multiple-hit rat model
No

No
Mouse model STXBP1 KO:
no seizure reported yet

No
Mouse model STXBP1 KO:
no seizure reported yet
No
Models of SCN1A or SCN1B
mutations or deletions
No

No

No
Electrical stimulation or flurothyl
models of spikes with functional
impairment

No

No

KCNQ2 KI, A306T mouse,
KCNQ3 KI, G311V mouse

Two-hit models
In utero MAM
In utero irradiation
Focally induced dysplasias
Tish rat

Yes
TSC1*4PCKO (glial)
TSC2"FCKO (glial)
TSC2*P1CKO
Tsclnull—neuron
TSClinterneuron31CKO
TSC2*/~ Eker rat TSC2*/~

(neuronal)

Continued
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Table 1. Continued

Animal Models of Early-Life Epilepsy

Early-life epilepsy syndrome

Known etiologies

Animal models

PTEN-related malformations

Pyridoxine-dependent epilepsy

TSC1¥maPsin CKO

TSC1PM¥5/¢ CKO
Yes

NS-PTEN, NEX-PTEN, DG-PTEN
TNAP-deficient mice

ARX, Aristaless-related homeobox X-linked; CKO, conditional knockout; CSWS, continuous spikes and waves during
slow-wave sleep; EIEE, early-infantile epileptic encephalopathy; GABRG2, y2 subunit of GABA4 receptors; KCNQ, potassium
channel; KO, knockout; MAM, methylazoxymethanol acetate; NMDA, N-methyl-p-aspartate; PTEN, phosphatase and tensin
homolog; STXBP1, syntaxin binding protein 1; SCN, sodium channel; TSC, tuberous sclerosis complex; TTX, tetrodotoxin;
KI, knockin; GBL, y-butyrolactone; TNAP, tissue-nonspecific alkaline phosphatase; Tish, telencephalic internal structural

heterotopia.

DEVELOPMENTAL EQUIVALENCY ACROSS
SPECIES

There are many differences across species that
make the translation of findings difficult to ex-
trapolate from a rodent that is being born at a
premature state of brain development and has a
different lifestyle, anatomy, and shorter life span
of 2 years to a human organism. In regard to the
development of the hypothalamus—pituitary—
gonadal axis, in most studies, a rodent is con-
sidered as neonatal between postnatal (PN) day
0-6, infantile between PN7-21, juvenile be-
tween PN21-32 in females and PN21-35 in
males, early pubertal between PN32-36 in fe-
males and PN35-45 in males, and young adult
on PN60 (Ojeda et al. 1980a,b; Akman et al.
2014). However, across-species comparisons of
brain growth, DNA, cholesterol, and water con-
tent suggested that PN8—10 rats are more close-
ly related to full-term human newborns (Gott-
lieb et al. 1977; Dobbing and Sands 1979),
although eye opening does not occur until
PN13-15 and rodent pups are able to ambulate
and run during the third week of life, unlike
most infants. In reality, different developmental
processes mature at different tempos across spe-
cies, making definite equivalency rules difficult
to generalize (Avishai-Eliner et al. 2002; Gala-
nopoulou and Moshé 2011). In this review, we
will mostly refer to models that show epilepsy
during the first 3 wk of life (thought of as equiv-
alent to neonatal and infantile age) or have been
constructed with the intent to recreate human
neonatal and infantile epilepsies.

ANIMAL MODELS OF EPILEPTIC
ENCEPHALOPATHIES

Epileptic encephalopathies are conditions in
which “epileptic abnormalities themselves con-
tribute to the progressive disturbance in cerebral
function,” including “cognitive and behavioral
impairments above and beyond what might be
expected from the underlying pathology and
etiology” (Berg et al. 2010). According to these
terminologies, the effects of the epileptic abnor-
malities (lingering effects of seizures or specific
patterns of interictal abnormalities) are disso-
ciated from the effects of the underlying etiolo-
gies and concurring treatments, although this is
not always easy to document. Neonatal and in-
fantile epileptic encephalopathies are of par-
ticular concern because of their dramatic con-
sequences on the neurodevelopmental growth
of these infants, as well as their distinct—and
not always satisfactory—treatment approaches.
In the following sections, we will outline select-
ed animal models in immature rodents that
have been designed to model early-life epileptic
encephalopathies and discuss their contribu-
tions to our current understanding of these con-
ditions.

Animal Studies on the Contribution
of Interictal Spikes on Epileptic
Encephalopathies

Early studies on the effects of interictal spikes
were conducted on rabbits with focal infusions
of either penicillin or bicuculline in the monoc-
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ular area of the visual cortex (PN8-30) to gen-
erate chronically focal epileptiform discharges,
but not seizures (Chow et al. 1978; Ostrach
et al. 1984). This treatment disrupted the ap-
pearance of complex and oriented directional-
type cells at the lateral geniculate nucleus. Fur-
thermore, this disruptive effect of the nonictal
epileptic activity was age specific as it did not
manifest in adult rabbits treated according to
these protocols (Baumbach and Chow 1981).

A different approach was adopted by
Holmes and colleagues, who exposed adult
rats to electrical induction of hippocampal
spikes and disrupted the ability of hippocampal
place cells to recognize the position of the ani-
mal and impaired, therefore, recognition and
spatial memory (Shatskikh et al. 2006; Zhou
et al. 2007a). Additional studies described that
there is a persistent disruption of the hippo-
campal place cell activity in adult rats exposed
to early-life status epilepticus or following flur-
othyl seizures in adult rats (Holmes and Lenck-
Santini 2006; Zhou et al. 2007b). The investiga-
tors describe more pronounced effects when
spikes are frequent or widespread and discuss
that they may interfere either with awake learn-
ing and memory or memory consolidation in
slow wave sleep. In a subsequent report, epilep-
tic spikes were induced in immature rats, start-
ing on PN12, using intermittent repetitive flur-
othyl (y-aminobutyric acid [GABA] 4 receptor
antagonist) exposure (four daily 2-h sessions
for 10 d) (Khan et al. 2010). Long-lasting defi-
cits in reference memory and long-term poten-
tiation were observed in adulthood.

Animal Models of Epileptic/IS and West
Syndrome

West syndrome (WS) is the first recognized ep-
ileptic encephalopathy, described by W.J. West
in 1841 (West 1841; Capovilla et al. 2013). WS
is an age-specific epileptic encephalopathy,
which typically begins in infants, usually the
first year of life, although late-onset WS has
been described. WS usually manifests with char-
acteristic epileptic seizures (IS, chaotic, high-
amplitude, and multifocally epileptic interic-
tal electroencephalography [EEG] background

[hypsarrhythmia]), and, often, neurodevelop-
mental arrest or regression. IS are motor sei-
zures consisting of sudden flexion of extension
of axial musculature and limbs, often in clusters.

WS can be a result of a wide range of etiol-
ogies, including structural or metabolic lesions
(malformations, vascular, inflammatory or im-
mune, hypoxic, etc.), genetic, or others yet un-
known (Frost and Hrachovy 2005; Berg et al.
2010; Osborne et al. 2010; Pellock et al. 2010;
Paciorkowski et al. 2011b; Epi4K Consortium
et al. 2013). The estimated incidence of WS is
low, occurring in one out of 3—5000 live births,
but its consequences are grave. Depending on
the underlying etiology, the majority of infants
remain with cognitive or neurodevelopmental
deficits (~50%—60% of infants with IS of un-
known etiology; 84%—98% of infants with IS
caused by structural/metabolic etiology) or
persisting epilepsy, which is usually drug resis-
tant (Baram et al. 1996; Karvelas et al. 2009;
Pellock et al. 2010; Auvin et al. 2012; Vendrame
et al. 2012; Lee et al. 2013).

The first line of treatment choices includes
hormonal therapy (ACTH and/or high-dose
glucocorticoids) and the GABA aminotransfer-
ase inhibitor vigabatrin (Baram et al. 1996;
Mackay et al. 2004; Pellock et al. 2010; Go
et al. 2012). These treatments may stop IS in
60%—-90% of cases, depending on etiology,
but they do not necessarily prevent recurrences
or persistence of other epileptic seizures or neu-
rodevelopmental deficits. In WS of unknown
etiology (old cryptogenic category), early cessa-
tion of spasms with hormonal therapy has been
shown to partially improve neurodevelopmen-
tal outcomes (Riikonen 1982; Lombroso 1983;
Kivity et al. 2004; Lux et al. 2005; Lux and Os-
borne 2006; Cohen-Sadan et al. 2009; Darke
et al. 2010; O’Callaghan et al. 2011), although
no difference in outcome was reported in a dif-
ferent study (Mohamed et al. 2011). The need
for more effective and better-tolerated therapies
with rapid onset of action is evident, including
infants with IS caused by structural /metabolic
etiologies who have poorer prognosis and treat-
ment response.

Interestingly, there are currently no reports
on IS in animals that are under veterinarian

4 Cite this article as Cold Spring Harb Perspect Med 2016;6:a022707



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

care. To be able to study the pathogenic mech-
anisms of IS and develop new treatments, it was
therefore necessary to develop animal models
of IS (Table 2). Given the etiologic heterogene-
ity, different approaches have been used for
epileptic spasms, either genetic manipulations
or chemical induction. Acute models result in
transient appearance of epileptic spasms post-
induction, whereas chronic models manifest an
evolving chronic phenotype (Table 2). Here, we
will present the main features of these models,
as well as those of the corticotropin-releasing
hormone (CRH) model of seizures because of
its affinity to the stress hypothesis of IS, which
has been discussed as a possible mechanism of
the ACTH effect.

CRH Rat Model and the Stress Theory of IS

The in vivo proconvulsant effects of CRH had
been shown early on by intracerebroventricular
injections in adult rats (Ehlers et al. 1983; Weiss
et al. 1986). The beneficial effects of ACTH
in treating spasms led to an investigation into
the involvement of hormones of the hypo-
thalamus—pituitary—adrenal axis (HPA) in the
pathogenesis of IS. Baram hypothesized that
massive IS may be a result of exaggerated re-
sponsiveness of the HPA axis to stressors during
an early period of development when there are
increased levels of unoccupied CRH receptors,
which could therefore be overactivated by excess
release of CRH (Insel et al. 1988; Baram 1993).
However, no significant differences in the levels
of CRH were found in the cerebrospinal fluid
(CSF) of infants with IS (Baram et al. 1992),
although intracerebral injection of CRH pro-
duced limbic seizures (jaw myoclonus, focal
limb extension, and clonus), which respond to
phenytoin, but not to porcine ACTH,;_3¢
(Baram and Schultz 1995) or spasms.

N-methyl-p-Aspartate (NMDA) Rat Model
(Acute)

A developmental study into the effects of the
known proconvulsant glutamatergic agonist
NMDA (N-methyl-p-aspartate), given intra-
peritoneally, revealed a predilection to trigger
generalized tonic flexion-type seizures with a

Animal Models of Early-Life Epilepsy

loss of righting reflex only in immature pups
(18 d or younger), which the investigators de-
scribed as “emprosthotonic” (Mares and Velisek
1992). Other behaviors and seizure types were
also elicited (hyperactivity, tail twisting, clon-
ic—tonic seizures) during the acute postinjec-
tion period, which has also been described as
NMDA-induced status epilepticus (Stafstrom
and Sasaki-Adams 2003).

In the initial report (Mares and Velisek
1992), the EEG was characterized by electro-
graphic suppression and poor electroclinical
correlation with spasms; however, subse-
quent studies using lower NMDA doses report-
ed temporal correlation of electrodecremen-
tal responses (EDRs) with spasms (Velisek
etal. 2007). [*C] 2-deoxyglucose uptake studies
showed increased uptake in limbic, hypotha-
lamic, and brainstem regions (Velisek et al.
2007). Initially, NMDA-induced flexion spasms
were not affected by ACTH, _,, or rat ACTH; _3
pretreatment (Velisek et al. 2007), but subse-
quent studies showed reduction in spasms with
high doses of porcine ACTH;_ 3¢ (Table 3)
(Wang et al. 2012). Interestingly, the effect of
ACTH, _39 was observed even in adrenalecto-
mized rats, possibly suggesting that it does not
strictly depend on the release of adrenal steroids
(Wanget al. 2012). Vigabatrin pretreatment also
decreased spasms in this model (Kubova and
Mares 2010). Extensive testing with other avail-
able drugs showed deterioration of spasms with
hydrocortisone, no or modest effect with differ-
ent doses of valproic acid, spasm reduction, but
increase in epileptiform activity with pyridox-
ine, and no effect with clonazepam (Velisek and
Mares 1995; Kabova et al. 1999; Kubova and
Mares 2010). In adulthood, these rats show
slower performance in the Morris water maze,
but they were able to learn, and show increased
susceptibility to pentylenetetrazole seizures, al-
though no spontaneous seizures have been re-
ported (Stafstrom and Sasaki-Adams 2003).

Overall, the NMDA model has provided ev-
idence for NMDA receptor involvement in the
expression of tonic flexion seizures, but also
indicates that overactivation of NMDA recep-
tors on its own is not sufficient to reproduce
the chronic phenotype of WS.
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Table 3. Preclinical drug testing in models of epileptic spasms

Animal Models of Early-Life Epilepsy

Acute models

Prenatal
betamethasone/

NMDA model postnatal NMDA

Prenatal stress/

postnatal NMDA Down/GBL

ACTHl —24

ACTH, _3 (rat

synthetic)

ACTH] —~39
(porcine,
natural)

Hydrocortisone

Methyl-

prednisolone

Vigabatrin

No effect on latency
(0.1-0.4 mg/kg i.p.)
(Velisek et al. 2007)

No effect on latency
(0.1 mg/kg i.p.)
(Velisek et al. 2007)

Delays spasms
(0.1 mg/kg i.p.)
(Velisek et al. 2007)

Delays and reduces
spasms severity
(100 U/kg ACTH
i.p.) (Wang et al.
2012)
Increases spasms (10—
25 mg/kg) (Kabova
et al. 1999)
Repetitive, but no
single dose reduces
spasms incidence

(60 mg/kg)
(Chachua et al.
2011)
Decreased spasms Decreases spasms
incidence (600— incidence
1200 mg/kg) (250 mg/kg)
(Kubova and Mares (Chachua et al.
2010) 2011)

Pyridoxine (B6) Decreases spasms

Clonazepam

Valproic acid

incidence; induces
epileptiform activity
(250 mg/kg)
(Kabova et al. 1999)

No effect (0.2-1 mg/
kg) (Velisek and
Mares 1995)

No effect
(100-400 mg/kg)
(Kubova and Mares
2010)

Modest effect (Kabova
et al. 1999)

Cite this article as Cold Spring Harb Perspect Med 2016;6:a022707

Shortens EDR (40,
80 pg/mouse)
(Cortez et al. 2009)
No effect with
single dose;
delay and
reduction of
spasms after
nine doses
(0.3 mg/kg/
dose, three
doses/day s.c.)
(Yum et al.
2012)
No effect on EDR
duration (20—
80 pg/mouse)
(Cortez et al. 2009)

Shortens EDR
(250-500 mg/kg)
(Cortez et al. 2009)

Shortens EDR
(100-400 mg/kg)
(Cortez et al. 2009)
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Table 3. Continued

Prenatal
betamethasone/ Prenatal stress/
Acute models NMDA model postnatal NMDA  postnatal NMDA Down/GBL
Ethosuximide Shortens EDR
(25-50 mg/kg)
(Cortez et al. 2009)
CGP 35348 Shortens EDR
(50-200 mg/kg)
(Cortez et al. 2009)
Baclofen Prolongs EDR
(0.5-2 mg/kg)
(Cortez et al. 2009)
5-Hydroxy- Prolongs EDR
tryptophan (100-150 mg/kg)
(Cortez et al. 2009)
Rapamycin No acute effect with

low doses (3 mg/
kg i.p.) (Chachua
et al. 2011)

From Galanopoulou 2013; modified, with permission.

Baclofen, GABA receptor agonist; CGP 35348, GABAy receptor antagonist; GBL, y-butyrolactone; EDR, electrodecremental
response; 1.p., intraperitoneally; s.c., subcutaneously; U, units; ACTH, adrenocorticotropic hormone; NMDA, N-methyl-p-

aspartate.

Prenatal Betamethasone or Perinatal
Stress/Postnatal NMDA Rat Models (Acute)

These modifications of the NMDA model are
hybrids between the stress/HPA theory of IS
and NMDA models. The first model includes
prenatal administration of betamethasone at
gestational day 15 (G15), which is expected to
disrupt the HPA axis, followed by administra-
tion of NMDA on PN15 (Velisek et al. 2007).
As a result, NMDA spasms in G15-betametha-
sone primed rats occur in higher spasm counts
and become sensitive to synthetic rat ACTH, _39
under dosing conditions that had failed to
control NMDA spasms (Table 3) (Velisek et al.
2007). Similarly, forced restraint in G15 preg-
nant female rats increases the severity of NMDA
spasms in their offspring and renders them sen-
sitive to repetitive administration of synthetic
rat ACTH, _39, as these rats had lower weights,
but also less spasms (Yum et al. 2012). A third
modification was cited by Shi et al. (2012), who
report that prenatal forced cold swim and post-
natal NMDA spasms were associated with less
cortisol and ACTH levels in the offspring (Shi

etal. 2012). Finally, postnatal adrenalectomy on
PN11 increases the severity of NMDA spasms
on PN15 (Wang et al. 2012).

In brief, these perinatal stress/postnatal
NMDA models lend support to the hypothesis
that HPA dysfunction and/or prior perinatal
stressors have lasting effects that aggravate
NMDA, and these lasting effects can be partially
corrected by repeat high doses of synthetic rat
ACTH, _30. Following the testing of the mam-
malian target of rapamycin (mTOR) inhibitor
rapamycin in the multiple-hit rat model, which
will be discussed later on, the drug was also
tested in the prenatal betamethasone/postnatal
NMDA model (Chachua et al. 2011). Adminis-
tration of low doses of rapamycin given either
1 d or for 8 d before the NMDA injection had no
effect on NMDA-induced spasms. The lack of
effect is partially anticipated by the results in the
multiple-hit model that showed acute effects
on spasms with the high, but not the low, doses
of rapamycin. However, further comparisons
among the models are hindered by the different
age groups and induction models, and by the
fact that the effects of rapamycin on a normal

8 Cite this article as Cold Spring Harb Perspect Med 2016;6:a022707
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brain with normal-for-age mTOR activity can
be completely different from its effects on a dis-
eased brain with pathologic overactivation of
mTOR (Raffo et al. 2011).

v-Butyrolactone /Down Syndrome Mouse
Model (Acute)

Among infants with Down syndrome, 1.5%—
32% have IS (Romano et al. 1990; Pueschel
et al. 1991; Goldberg-Stern et al. 2001; Sanma-
neechai et al. 2013). Using a mouse model
of Down syndrome (Ts65Dn mouse), Cortez
and colleagues report that administration of -
butyrolactone (GBL), a prodrug of the GABAg
receptor agonist <y-hydroxybutyrate, triggers
facial myoclonus. Vibrissal twitching, followed
by extensor spasms, are associated by bursts
of polyspikes and EDRs (Cortez et al. 2009).
These events were elicited acutely in 1-wk- to
at least 2-mo-old mice (i.e., young adults) and
responded to rat ACTH, _,,, but not to porcine
ACTH; _39, and to vigabatrin (Table 3). In ad-
dition, these extensor spasms responded to val-
proate, GABAp receptor antagonist CGP 35,348,
ethosuximide, and worsened with 5-hydroxy-
tryptophan, reminiscent of the clinical report
of IS in infants with Down syndrome who
were given this drug (Coleman 1971).

This model introduced the possible involve-
ment of GABAg receptors in the expression of IS
in Down syndrome and also supported the pro-
posed pathogenic role of serotoninergic path-
ways in IS because of Down syndrome. Howev-
er, no long-term epilepsy or other cognitive or
behavioral abnormalities specifically attributed
to the GBL-induced spasms or 5-hydroxytryp-
tophan have been reported yet.

Tetrodototoxin Rat Model of Hypsarrhythmia
(Chronic)

According to the theory of developmental de-
synchronization proposed by Frost and Hra-
chovy (2005), IS are a consequence of asyn-
chronous development of the brain caused by
various genetic, structural, or metabolic eti-
ologies. To achieve this experimentally, focal
long-term infusions of tetrodotoxin, a sodium
channel blocker, were given in the right hippo-

Animal Models of Early-Life Epilepsy

campus or cerebral cortex of PN10—12 rats for
up to 4 wk (Lee et al. 2008). The result was
seizures that resembled spasms with EDRs, first
seen around PN21 and lasting until adulthood.
Other seizures are also observed. Although the
age when these tetrodotoxin (TTX) spasms first
appear is equivalent to juvenile rather than in-
fantile age, the advantage of recording EEG
from older animals allowed a more extensive
electrographic coverage of the skull and docu-
mentation of interictal patterns, which resem-
ble hypsarrhythmia. Spectral analysis shows
high-frequency EEG activity from multifocal
areas ictally and interictally, which are usually
more intense, contralateral to the infusion site
(Frost et al. 2011, 2012). This model also high-
lights the principle that focal neocortical lesions
may produce IS and hypsarrhythmia, lending
support to the notion that IS could be classified
under either focal or generalized seizures (Berg
et al. 2010). At present, there are no published
reports on the response of these TTX spasms
and hypsarrhythmia to any of the currently
used treatments for IS.

Aristaless-Related Homeobox X-Linked
Genetic Mouse Models (Chronic) and
Interneuronopathies

Aristaless-related homeobox X-linked (ARX)
is a transcriptional factor involved in ven-
tral telencephalon morphogenesis, migration
of GABAergic neuronal progenitors, and early
commitment of cholinergic neurons (Friocourt
and Parnavelas 2010). It has been linked with
different early-life epilepsies, including Ohta-
hara syndrome and WS. The reports of patients
with IS include both infants with no identifiable
structural brain abnormality (which would have
otherwise been classified as unknown etiology)
and infants with pronounced abnormalities,
such as X-linked lissencephaly with abnormal
genitalia (XLAG) (Dobyns et al. 1999; Scheffer
et al. 2002; Stromme et al. 2002; Kato et al. 2003,
2007; Kato 2006; Paciorkowski et al. 2011a).
Eight Arx genetic mouse models have been
generated and most of them were reviewed in
detail in Olivetti and Noebels (2012). A com-
mon pathologic finding in most of these mice

Cite this article as Cold Spring Harb Perspect Med 2016;6:a022707 9



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

www.perspectivesinmedicine.org

A.S. Galanopoulou and S.L. Moshé

has been the presence of interneuronopathy,
meaning deficient and /or malformed interneu-
rons, which is reported in six of the eight exist-
ing ARX mouse models (Kitamura et al. 2002,
2009; Marsh et al. 2009; Price et al. 2009),
whereas in the other two (ArX(GCGW ¥, Arx /Y
Emx1“™), interneurons appear intact (Beguin
et al. 2013; Simonet et al. 2014). Epilepsy has
been reported in only three of these models
(Arx~/Y OO Ay (GCO)7 - A (GCOI0+7) (i
also have interneuronopathy, whereas spasms
were seen only in two of these (Arx_/ Y CKO
Arx(CCDI0+7) - Conditional knockout (CKO)
of Arx in selected populations of neurons re-
sults in epilepsy with spasms when median
ganglionic eminence progenitors are targeted,
impairing GABAergic interneuronal migration
(Arx~ /Y €K but not when dorsal telencephal-
ic neurons are targeted, leaving interneurons
intact (Arx /YEmx1“) (Marsh et al. 2009; Si-
monet et al. 2014). In contrast, Arx /YEmx1°
mice have prominent cognitive and behavioral
deficits. These findings indicate that cellular
specification of the genetic deficits is critical
for the epilepsy (e.g., interneuronopathies) ver-
sus cognitive (e.g., dorsal forebrain neurons)
phenotype.

Among the strains that show spasms, the
ARX /Y CKO mouse model manifests stage
5 seizures, but not spasms, between PN14—-17,
whereas spasms, freezing events, and stage 5 sei-
zures appear in adulthood (Marsh et al. 2009).
Although the appearance of spasms seems to
have lost its expected age specificity, it should
be noted that the early video-EEG studies were
very briefin this study (24 h only) because of the
technical limitation of monitoring immature
mice. Histologically, decreased numbers of cal-
bindin and calretinin neurons were seen in the
cerebral cortex.

In parallel, Price et al. constructed a knockin
(KI) mouse bearing an extension of the first
polyalanine repeat of Arx (Arx!GCOOFT) “gimi-
lar to a clinically relevant genetic defect (Poirier
et al. 2008; Price et al. 2009). The investigators
describe a loss of function of the Arx protein,
caused by mistargeting to the cytoplasm, which
results in reduced numbers of calbindin cortical,
hippocampal, and striatal interneurons, as well

as neuropeptide Y (NPY) and cholinergic inter-
neurons in the striatum (Price et al. 2009). These
mice develop an interesting phenotype that con-
sists of spasms during the second and third
weeks of life, behavioral arrests after PN 14, and
generalized seizures after PN19. In addition,
mice have low anxiety, impaired associative
learning, and abnormal social interactions.

Based on existing reports that estradiol may
promote cell proliferation, neuronal migra-
tion, and differentiation (McCarthy 2008), a
follow-up study investigated the therapeutic ef-
fects of neonatal estradiol administration in the
ArxGCO0+7 miouse (Table 4) (Olivetti et al.
2014). Neonatal estradiol administration before
the onset of spasms (PN3-10) restored the
number of calbindin and NPY interneurons in
the cerebral cortex, as well as cholinergic striatal
neurons, and prevented spasms and subsequent
epilepsy in their model. In contrast, late admin-
istration of estradiol after spasms and other sei-
zures occurred (PN33—-40) had no effect.

These studies exemplify the value of trans-
genic mice in understanding the pathophysiol-
ogy of and designing specific personalized ther-
apies for genetic etiology epilepsy syndromes.
The Arx mice supported the proposed role of
interneuronopathy in the associated epilepsies
(Kato and Dobyns 2005) and underline the
importance of cellular specification of the ge-
netic defects in defining the final epilepsy or
cognitive phenotype. However, they also indi-
cate that additional factors may be involved in
modifying the outcomes because not all mice
with interneuronopathy manifest epilepsy. Yet,
several questions remain unanswered. Can these
gene-tailored therapies be extended to IS of dif-
ferent etiology? Currently, initiation of the
treatment before the onset of symptoms or pre-
cipitating insult is not clinically relevant in cases
of WS because of unknown or acquired etiolo-
gies. However, the results in the ARX model
highlight the importance of exploring presymp-
tomatic treatments in WS of genetic etiologies,
in which disease onset may precede the onset of
symptoms. Still, in infants with similar Arx de-
fects, what is the equivalent sensitive period for
therapies like neonatal estradiol and what would
the optimal treatment protocol be?
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Table 4. Preclinical drug testing studies in the chronic models

Drug Protocol Drug effect References
Multiple-hit rat model (treatments tested after onset of spasms)
ACTH, _»,4 0.0125 mg/kg/day i.p., No effect on spasms Scantlebury
PN4-13 et al. 2010
Vigabatrin (GABA 10-20 mg/kg i.p. twice ~ Transient suppression of spasms on Scantlebury
aminotransferase daily, starting on PN4 PNG5; higher doses were not tolerated et al. 2010
inactivator)
CPP-115 (high affinity ~ Single or daily Reduces spasms (PN5-7), no effect on Briggs et al.
vigabatrin analog)® administration, starting  learning or neurodevelopmental 2014
on PN4; 0.1-1 mg/kg milestones, good tolerability
i.p. Rapid onset effect on spasms on
PN6-7

Phenytoin Single injection (PN4); Ono etal. 2011
20-50 mg/kg i.p.

1-3 mg/kg i.p. (PN4-12) No acute but delayed effect on

No effect on spasms

Rapamycin (mTOR Raffo et al.

inhibitor) spasms only 2011
Pulse protocol (i.p.): PN4: Rapid-onset reduction of spasms; stops

6 mg/kg; PN5: 3 mg/ spasms and improves Barnes maze

kg; PN6: 3 mg/kg performance (PN16-19)
No effect on other seizures until PN20
Transient loss of weight during

treatment period
Carisbamate® Single injection (PN4 or  Acute suppression of spasms Ono et al. 2011

PN6-7); 30—60 mg/kg
ip.

Single injection (PN4);
0.5-4 mg/kg i.p.

NAX 5055 (galanin
receptor 1 preferring
agonist)

No effect on spasms; low expression
of Galanin receptor 1

Jequier Gygax
et al. 2014

ARX KI mouse model (treatment tested before onset of spasms)
Estradiol 40 ng/g s.c., PN3-10 Prevents spasms and epilepsy, Olivetti et al.
restores interneuronal population 2014
in cerebral cortex
PN33-40 treatment has no effect

From Galanopoulou and Moshé 2015; modified, with permission, from Elsevier.

ACTH, adrenocorticotropic hormone; i.p., intraperitoneal; s.c., subcutaneous; PN, postnatal day; GABA, y-aminobutyric
acid; CPP-115, Catalyst Pharmaceutical Partners, Coral Gables, FL; mTOR, mammalian target of rapamycin.

*These drugs have acquired orphan drug indication for infantile spasms by the Federal Drug Administration (FDA).

The Multiple-Hit Rat Model of IS Caused
by Structural Lesion

IS caused by structural lesions have the poorest
prognosis and response to treatment, and the
majority remain with neurodevelopmental def-
icits and drug-resistant epilepsies. Although the
exact networks implicated in IS are not yet
known, functional or structural impairment of
cortical and/or subcortical structures or their
connections are thought to be involved (Lado

and Moshé 2002). To generate a rat model of
these more refractory forms of IS, a combina-
tion of cytotoxic injury and disruption of the
white matter connections was attempted with a
combination of right intracerebroventricular
doxorubicin and right intracortical lipopolysac-
charide given on PN3. In addition, p-chloro-
phenylalanine (PCPA: tryptophan hydroxylase
irreversible inhibitor; serotonin depletor) was
given on PN5 (Scantlebury et al. 2010), based
on reports of disrupted serotonin metabolism
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in infants with IS (Silverstein and Johnston
1984). The underlying pathology involves right
hemispheric injury in the peri-infusional corti-
cal region, right hippocampus, and periventric-
ular area (Briggs et al. 2014; Jequier Gygax et al.
2014). Interestingly, there is also a significant
layer-specific reduction in parvalbumin-posi-
tive GABAergic interneurons in the contralater-
al to the lesion cerebral cortex, and many of the
remaining interneurons show abnormal mor-
phology, suggestive of an acquired interneuron-
opathy (Galanopoulou 2013). Extensive moni-
toring of these pups revealed clusters of spasms
already from PN4, indicating that PCPA is not
necessary for the induction of spasms, although
it exacerbates the frequency of spasms. Spasms
are observed between PN4—13, whereas addi-
tional types of seizures manifest from PN9: be-
havioral arrest, episodes of restlessness with loss
of righting, or limbic-type seizures (Scantle-
bury et al. 2010; Raffo et al. 2011). Although
PN4-13 rats are usually considered as equiva-
lent to premature or full-term neonates, this is
the time when motor milestones mature in the
rat and are equivalent to human infants, as
shown by the gradual improvement in their
ability to ambulate (open field activity) (Scan-
tlebury et al. 2010). We consider this of special
relevance to IS, which are predominantly motor
seizures manifesting, usually, at a developmen-
tal stage when the ability to ambulate is being
acquired. In addition, learning deficits have
been documented after the resolution of spasms
(PN16-19), which are partly a result of the un-
derlying lesion, but can also be partially re-
versed by appropriate therapies (Raffo et al.
2011). More recently, spontaneous motor sei-
zures were documented in adulthood (Akman
et al. 2012).

Consistent with the more refractory course
of IS caused by structural lesions in humans,
spasms in this model do not respond to synthet-
ic ACTH, _,4 (0.0125 mg/kg/day i.p. [intraper-
itoneally], PN4—-13), but transiently respond
to vigabatrin (Scantlebury et al. 2010), whereas,
appropriately for IS, do not respond to phenyt-
oin (Table4) (Onoetal.2011). Further confirm-
ing the responsiveness to vigabatrin, a recently
developed high-affinity inactivator of GABA

aminotransferase, CPP-115 (Catalyst Pharma-
ceutical Partners, Coral Gables, FL), which
shows lower than vigabatrin risk for retinal tox-
icity in animal studies (Pan et al. 2012; Silver-
man 2012), showed better efficacy/tolerability
profile in the multiple-hit model (Briggs et al.
2014).

The multiple-hit model has been used ex-
tensively to screen for new therapies for IS with
rapid onset effects on spasms and disease-mod-
ifying potential. Significant interest was drawn
toward targeting the mTOR pathway, given the
association of several disorders of the mTOR
pathway with IS. The classical genetic cause
of mTOR overactivation, tuberous sclerosis, is
diagnosed in 5%—10% of infants with IS, and
38% of infants with tuberous sclerosis have
IS (Sidenvall and Eeg-Olofsson 1995; Curatolo
et al. 2001; Riikonen 2001; Karvelas et al. 2009;
Bombardieri et al. 2010; Chu-Shore et al. 2010;
Osborne et al. 2010). Mutations in pathways
that cross talk and increase the activity of
mTOR have been identified in patients with IS
as a result of hemimegalencephaly or polyhy-
dramnios, microcephaly, and symptomatic ep-
ilepsy (PMSE). In another common pathology
associated with IS, focal cortical dysplasias type
IIB (FCDIIB) with balloon cells, loss of hetero-
zygocity, and polymorphisms of the tuberous
sclerosis complex 1 (TSC1) gene (inhibitor of
mTOR activity) or overactivation of down-
stream targets on mTOR (e.g., phosphorylated
ribosomal S6 protein [pS6]) have been de-
scribed.

We used the multiple-hit model of IS, anon-
genetic model of acquired brain injury, to test
whether mTOR overactivation could be impli-
cated in epileptic spasms of acquired structural
etiology. Indeed, overactivation of downstream
targets of the mTOR was seen during the period
of spasms at the peri-infusional area. Most
importantly, a pulse 3-d high-dose treatment
with the mTOR inhibitor rapamycin, initiated
after the onset of spasms, stopped spasms and
partially improved learning, suggesting disease
modification (Raffo et al. 2011).

Given the clinical evidence that early cessa-
tion of spasms may improve neurodevelopmen-
tal outcomes (Lombroso 1983; Kivity et al.
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2004; Lux et al. 2005; Darke et al. 2010), at least
in infants with IS of unknown etiology, we were
interested in therapies that achieve rapid onset
reduction of spasms when given after their on-
set. Among these drugs, a single injection of
carisbamate, an investigational drug with a
broad range of preclinical efficacy in various
animal models of seizures, showed immediate
reduction of spasms during the first 3 h of mon-
itoring (Ono et al. 2011). This effect was not
attributed to sodium channel blockade, and
its mechanism is yet unknown. Carisbamate
has currently been given orphan drug indica-
tion for IS by the Federal Drug Administration
(FDA).

Lessons from Animal Models of IS

In summary, modeling IS in rodents has pre-
sented challenges and opportunities to advance
our understanding of the pathogenesis and
treatment of IS. The species-related differences
in biology and neurodevelopmental stages, and
the rapid evolution of changes occurring during
development present challenges in across-spe-
cies extrapolation of mechanisms and treatment
evaluation (Galanopoulou and Moshé 2011).
This is likely to present a considerable challenge
in across-model validation of future candidate
treatments for IS, and may require careful re-
assessment of the strategies for treatment iden-
tification and validation for this condition,
which is in dire need of better therapies.
Furthermore, technical limitations in placing
enough electrodes on the head of very young
rats to document hypsarrhythmia restrict our
ability to document and study hypsarrhythmia
at ages that are considered equivalent to the
infantile stage in humans.

Regardless, there are several mechanisms
that emerge as candidate potentially pathogenic
pathways. Interneuronopathies, whether of ge-
netic (ARX models and clinical reports) or ac-
quired (multiple-hit) origin, has been impli-
cated in the expression of IS and subsequent
epilepsy or behavioral and cognitive comorbid-
ities. Dysregulation of the mTOR pathway has
been associated with both genetic (e.g., tuber-
ous sclerosis), somatic (FCDIIB), and acquired

Animal Models of Early-Life Epilepsy

etiologies (multiple-hit model) of IS and sub-
sequent cognitive or epilepsy chronic pheno-
type. NMDA-dependent pathways have been
implicated in the expression of acute tonic flex-
ion spasms, although there is not yet evidence
that the chronic disease phenotype of IS ensues.
Perinatal stress seems to increase the severity
of spasms in NMDA-exposed animals through
an ACTH-dependent manner, but cannot reca-
pitulate the chronic phenotype of IS. Finally,
GABAg receptor activation has been implicated
in the expression of spasms in Down syndrome,
although no evidence yet that these suffice to
reproduce the chronicity of the syndrome.

Animal Models of Dravet Syndrome

Dravet syndrome usually manifests ~6 mo of
age with prolonged febrile seizures, clonic or
hemiclonic. The afebrile epileptic seizures that
also occur in this syndrome include myoclonic,
atypical absences, focal onset, or generalized
seizures, which are usually not responsive to
available antiseizure drugs. Dravet syndrome
is also associated with a high incidence of sud-
den death in epilepsy (SUDEP). Although other
genes have been described as well (e.g., SCN1B),
70%—80% of infants with Dravet syndrome have
mutations of the SCN1A gene (or Na,1.1). The
SCNI1A gene is also affected in a different syn-
drome, GEFS™ (genetic epilepsy with febrile
seizure plus syndrome), which has a less malig-
nant course and is characterized by increased
incidence of febrile and afebrile seizures, focal
or generalized in the same families. It has been
proposed that a differentiating factor between
the different genotype—phenotype profiles of
the two syndromes is the functional impact of
the SCN1A mutations. Loss-of-function muta-
tions have been associated with Dravet syndrome
and missense mutations altering channel activi-
tyhavebeen linked to GEFS™* (Escaygand Goldin
2010).

Several mouse strains have been generated
with either deletion or KI mutations of the
SCNI1A gene (Table 5), reproducing various
syndromic features (seizures, thermal sensitiv-
ity, premature death) of Dravet syndrome or
GEFS™. Whereas homozygous mice have a se-
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vere phenotype with spontaneous seizures, ther-
mally induced seizures, and early death, often in
the hours following a generalized seizure, the
severity of the phenotype of heterozygous
mice with SCN1A deletion may vary according
to the genetic background (Mullen and Scheffer
2009).

The use of CKO mice revealed interesting
aspects of the cellular and molecular physiology
of the disease. Selective SCN1A deletion in in-
hibitory interneurons is sufficient to generate
epilepsy, thermally induced seizures, and pre-
mature death after seizures (Cheah et al. 2012;
Ogiwara et al. 2013). Furthermore, ataxia and
epilepsy can be induced by selective deletion of
the gene within parvalbumin-positive interneu-
rons (Ogiwara et al. 2013). In contrast, SCN1A
deletion within excitatory neurons of the fore-
brain does not produce epilepsy (Ogiwara et al.
2013). This is further supported by the obser-
vation that focal deletion of SCN1A in basal
forebrain neurons does not result in epilepsy,
but causes dysregulation of hippocampal oscil-
lations and spatial memory deficit (Bender et al.
2013). Even more interestingly, combined dele-
tion in both inhibitory and forebrain excitatory
neurons ameliorates the seizure-related sudden
death expected from the interneuronal CKO
(Ogiwara et al. 2013). Consequently, these stud-
ies again suggest the key role of interneurons in
the pathogenesis of Dravet syndrome, posing
that loss of function of SCN1A may impair
the function of inhibitory interneurons and
augment the excitatory effects of excitatory neu-
rons, leading to severe seizures and, in certain
cases, death.

A few studies investigated the underlying
causes of sudden death in this syndrome. Stud-
ies in the deletion mutants indicate that death
follows generalized seizures, consistent with the
idea that this may represent SUDEP. Further
incriminating a central, possibly seizure-related,
etiology, CKO with brain- versus cardiac-specif-
ic knockouts (KOs) of the gene indicate that
early mortality is primarily an aspect of the
brain-specific KO (Kalume et al. 2013). In con-
trast, using a KI mouse, whereby the human
SCN1A-R1407X mutation is inserted in the
mouse genome, prominent cardiac abnormali-

ties were found in the form of long QT, ectopic
ventricular foci, idioventricular rhythms, beat-
to-beat variability, ventricular fibrillation, and
focal bradycardia (Auerbach et al. 2013). Car-
diac myocytes from heterozygous mice also
showed increased excitability and action poten-
tial duration (Auerbach et al. 2013). Aview that
reconciles these findings is that, probably, both
central and cardiac pathologies underlie early
mortality in Dravet syndrome and the seizure-
related repetitive stress on the cardiac function
may render it difficult to compensate for the
already abnormal physiology of the cardiac my-
ocyte in Dravet syndrome, leading to high prob-
ability for early death during the periods follow-
ing a generalized seizure.

Different studies evaluating the electrophys-
iological properties of cortical inhibitory inter-
neurons bearing mutations of the SCN1A that
are associated with GEFS™" show that they have
reduced firing, slower recovery from inactiva-
tion, and increased use-dependent inactivation
of sodium channels (Tang et al. 2009; Martin
et al. 2010).

In addition to the mouse models, a zebrafish
model of Dravet syndrome was recently report-
ed as a high-throughput model for the screen of
new therapeutics (Table 5) (Baraban etal. 2013).
Identification of seizures is based on the type
and frequency of swim activity, whereas electro-
graphic recordings are performed in agar-em-
bedded and immobilized larvae. Drug screening
in this model suggested antiseizure effects for
ketogenic diet, diazepam, valproate, potassium
bromide, and stiripentol, whereas other anti-
epileptics, such as vigabatrin, carbamazepine,
ethosuximide, and phenytoin, had no effect.
Furthermore, a role for clemizole (H1 antago-
nist, NS4B RNA-inhibitor) as an antiseizure
drug was proposed, although further validation
awaits in other models.

KI Drosophila mutants for two SCN1A mu-
tations found in Dravet (S1231R) or GEFS™
(K1270T) syndromes produced evidence for
differences in genotype—phenotype, which was
more severe in the Dravet mutation (Table 5),
but also produced different possible underlying
mechanisms for thermally induced seizures be-
cause the Dravet mutation resulted in loss of
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function and the GEFS" in gain of function
(Schutte et al. 2014).

The SCN1B mouse models, however, reveal
certain peculiarities in the underlying molecu-
lar and cellular mechanisms of these syndromes.
The SCN1B KO mouse model did not reveal any
changes in the sodium current activity in cul-
tured dissociated hippocampal neurons, which
is thought to be caused by antiparallel decrease
in Na,1.1 and increase in Na,1.3 expression
(Chen et al. 2004). In contrast, a mouse KI
model of SCN1B human mutation found in
Dravet syndrome (C121W) supports the fact
that increased excitability of excitatory neurons
is directly implicated in this condition with no
observed changes in GABA receptor transmis-
sion (Reid et al. 2014).

In summary, the animal models of sodium
channelopathies (Dravet or GEFS™) have pro-
vided evidence of a functional interneuronop-
athy as being key for the pathogenesis of the
thermally induced and spontaneous seizures
in SCN1A, but not SCNI1B genetic defects.
Compensatory increase in other sodium chan-
nel subunits (e.g., of Na,1.3 in SCN1B deletion
mouse) or downstream changes in neurons re-
ceiving input from the genetically affected neu-
rons (e.g., amelioration of phenotype by dual
deletion of SCNIA in both interneurons and
forebrain excitatory neurons) may modify the
severity of the phenotype and possibly the age
specificity of the syndrome.

ANIMAL MODELS OF EARLY-LIFE
EPILEPSIES AND MALFORMATIONS

Models of mTOR Dysregulation

Dysregulation of mTOR is implicated in a num-
ber of early-life epilepsies, with the main repre-
sentative being TSC (Chu-Shore et al. 2010).
TSC is usually caused by mutations in either
of the two regulators of the mammalian target
of rapamycin complex 1 (mTORCI) activity,
TSC1, or TSC2 (Galanopoulou et al. 2012b;
Crino 2013; Wong 2013). IS manifests in
~38% of individuals with TSC mutations
(Chu-Shore et al. 2010). There are several
mouse models with constitutive or conditional

Animal Models of Early-Life Epilepsy

TSC1 or TSC2 mutations (Table 1) (Uhlmann
et al. 2002; Meikle et al. 2007; Wang et al. 2007;
Ehninger et al. 2008; Zeng et al. 2011; Fu et al.
2012). Among these, spontaneous seizures ap-
pear in the neuronal Tscl™/* (Tsc1Pull-neurony
glial CKOs (Tsc1°™PCKO, Tsc2“™P!CKO).
Tsc2“"P1CKO mice have more severe epilepsy
phenotype than the Tsc1 “**PCKO, with seizures
appearing within the first month of life, before
the early mortality that ensues. Interneuronal
KO of TSC1 gene (Tsc1™<™™ICKO) does
not manifest epilepsy, although a reduced num-
ber of GABAergic interneurons and lower flur-
othyl seizure thresholds are reported. Most of
the TSC mouse models manifest with abnormal
morphology of neurons and cognitive deficits.
Furthermore, these models have offered a
unique opportunity to test the value of gene-
targeted therapies (mTOR inhibitors, such as
rapamycin) in the treatment of the associated
epilepsies and neurodevelopmental and pathol-
ogy findings (Ehninger et al. 2008; Zeng et al.
2008).

Phosphatase and tensin homolog deleted on
chromosome ten (PTEN) is a lipid phosphatase
that indirectly controls mTOR activity by inhib-
iting the phosphatidylinositol-3 kinase (PI3K).
Mutations of this gene have been identified in
conditions associated with brain malformations
or dysplasias, some of which have been linked
with epilepsies or autism (Galanopoulou et al.
2012b). Mouse models with KO of PTEN from
neurons (NS-PTEN) manifest cognitive and be-
havioral deficits, as well as seizures that are im-
proved by rapamycin (Ljungberg et al. 2009;
Zhou et al. 2009; Sunnen et al. 2011). A fore-
brain-specific deletion of PTEN from excitatory
neurons (NEX-PTEN) results in early lethality
and enlargement of the forebrain, although no
seizures were reported (Kazdoba et al. 2012). In
contrast, selective deletion of PTEN in dentate
granule neurons results in epilepsy within a
month (Pun et al. 2012).

Other Models of Focal Malformations

Other attempts to generate epilepsies associated
with malformation have been performed using
methylazoxymethanol acetate (MAM) or focal
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cooling have succeeded in generating the dys-
plasias, although a second hit is necessary to
trigger seizures (Scantlebury et al. 2005; Pun et
al. 2012). However, spontaneous seizures have
been reported in the in utero irradiation model
(mild or moderate, but not with severe) (Kel-
linghaus et al. 2004), as well as in the Tish rat
(telencephalic internal structural heterotopia)
(Trotter et al. 2006), although seizures manifest
at older ages.

ANIMAL MODELS OF OTHER EARLY-LIFE
EPILEPSIES OF GENETIC ORIGIN

A more exhaustive review of epilepsy genes and
related animal models can be found in Vezzani
et al. (2015). Here, we refer to selected genetic
animal models that manifest or were construct-
ed based on genes associated with early-life
epilepsies.

Early epileptic encephalopathy with sup-
pression burst or Ohtahara syndrome has
been linked with syntaxin binding protein 1
(STXBP1) gene mutations. A mouse model of
STXBP1 generated in C57BL/6]J background
shows increased anxiety, but no seizures. How-
ever, the investigators report that this may be a
result of the genetic background, as mixed
C57BL/6] x 129S1/SV background permitted
the expression of spontaneous seizures (Hager
et al. 2014).

Benign familial neonatal convulsions are
attributed to KCNQ2 or KCNQ3 (potassium
channels) mutations and are autosomal domi-
nant disorders whereby newborns manifest fre-
quent daily focal or generalized seizures, which
spontaneously remit by 3—4 mo of age. KCNQ2
and KCNQ3 generate the M-current, which reg-
ulates the action potential firing. Among the
attempts to generate a KCNQ2 mouse model
of epilepsy are the KI mice bearing the A306T
KCNQ2 or the G311V KCNQ3 loss-of-function
mutations (Singh et al. 2008). Heterozygous
mice have reduced seizure thresholds in a vari-
ety of seizure models, whereas homozygous
mice show epilepsy into adulthood (Singh
et al. 2008; Otto et al. 2009).

Pyridoxine dependency manifests as early-
life seizures that may be treated with high doses

of vitamin B6 or pyridoxal 5'phosphate (PLP).
A genetic mutation of tissue-nonspecific alka-
line phosphatase (TNAP) in mice results in sei-
zures that are caused by defective metabolism of
PLP, which results in reduced production of
GABA, as this factor is needed for the activity
of its synthesizing enzyme, glutamate decarbox-
ylase (GAD) (Waymire et al. 1995).

CONCLUDING REMARKS

The increasing understanding of the dynamic
changes and distinct neurobiology of the de-
veloping brain has prompted the realization
that observations made in models of epilepsies
created in mature (adult) animals cannot
be extrapolated for neonatal or infantile onset
epilepsies. Significant advances, over the last
50 years, have been performed in generating
animal models of early-life epilepsies and spe-
cific neonatal and infantile epileptic syndromes.
Such studies have reconfirmed the pathogenic
role of certain genes and acquired insults for
such epilepsies and associated comorbidities.
We are now in the stage that therapy develop-
ment, for the first time, may start directly in
these immature animal models rather than re-
purposing or expanding the use of drugs vali-
dated in adult models. However, there are chal-
lenges, including the extensive list of genetic,
environmental, and epigenetic factors that de-
fine the phenotype and outcomes; the difficul-
ties extrapolating developmental ages across
species or validating hypotheses or treatments
across models developed in different ages, spe-
cies, or strains; the need for specialized batteries
of tests that can fully capture the complexities
of comorbidities, seizures, and side effects ob-
served in humans; and the obstacles in translat-
ing preclinical discoveries to clinically relevant
therapies (Galanopoulou and Moshé 2011; Ga-
lanopoulou et al. 2012a). Despite these, there
are a number of mechanistic theories that
emerge as strong contributors in the pathogen-
esis of early-life epileptic syndromes, such
as interneuronopathies (IS, Dravet syndrome),
mTOR dysregulation (brain malformations,
tuberous sclerosis, IS of acquired structural le-
sions). In addition, new drugs have emerged,
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acquiring orphan drug status for IS (CPP-115,
carisbamate [Catalyst Pharmaceutical Partners,
Coral Gables, FL], carisbamate [SK Biopharma-
ceuticals]), based on work performed in imma-
ture animal models or are being developed with
the intent to specifically target mechanisms
identified in these models (neonatal estradiol
for ARX-related IS), raising hopes and promise
for the future.
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