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The main elements of the microcircuits in the cerebral cortex are excitatory glutamatergic pyramidal cells and
inhibitory y-aminobutyric acid (GABA) interneurons. Hypofunction/degeneration of GABAergic interneurons
has been hypothesized to be a key to the neural circuit dysfunction that underlies epileptogenesis and the
development of recurrent spontaneous seizures. Using two experimental animal models of neuronal migration
disorders, this review reports that the insults to the immature developing brain causes interneurons to fail to
undergo normal processes such as production, migration, and organization. These results represent critical

evidence that supports a link between interneuron dysfunction and epilepsy.

1. Introduction

The main elements of the microcircuits in the cerebral cortex are
excitatory glutamatergic pyramidal cells and inhibitory y-aminobutyric
acid (GABA) interneurons. Excitatory glutamatergic pyramidal neurons
are generated in the cortical subventricular zone and radially migrate to
form the cortical plate, while inhibitory GABAergic interneurons ori-
ginate from the ganglionic eminence and migrate tangentially (Poduri
and Volpe, 2018b). Pyramidal cells specialize in transmitting informa-
tion between different cortical areas and from cortical areas to other
regions of the brain, whereas interneurons primarily contribute to local
neural assemblies, where they provide inhibitory inputs and shape
synchronized oscillations (Klausberger and Somogyi, 2008). The bal-
ance between excitation and inhibition is crucial for the cortical func-
tion (Maffei et al., 2006; Hensch, 2005; Yizhar et al., 2011) and, con-
sequently, important developmental and physiological mechanisms
have evolved to maintain this dynamic equilibrium (Haider et al.,
2006). Severe GABAergic deficits can cause pathological hyperexcit-
ability (Kitamura et al., 2002; Butt et al., 2008), which is linked to
epilepsy (Galanopoulou, 2010; Poduri and Lowenstein, 2011), and
more-subtle perturbations in the excitatory-inhibitory balance can in-
duce multiple psychiatric conditions, including autism, intellectual
disability and behavioral disorders (Marin, 2012). The purpose of this
review is to present evidence that supports a link between interneuron
dysfunction and epilepsy using our experimental animal models of
neuronal migration disorders (Takano et al., 2004, 2006; Takano and
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Matsui, 2015).

2. Induction of neuronal migration disorders by immature brain
insult

2.1. Excitotoxic brain injuries (Ibotenate)

Glutamate is the principal excitatory neurotransmitter in the brain
and plays an important role in influencing the developmental plasticity
of synaptic connections in the nervous system (Lipton and Kater, 1989;
Gasic and Hollmann, 1992). Ibotenate is a conformationally-restricted
analogue of glutamate that acts as a non-selective agonist of glutamate
receptors, including N-methyl-d-aspartate receptors (NMDARs)
(Madsen and Frolund, 2002). Experimental studies have demonstrated
that an intracerebral injection of ibotenate in rodents produces ex-
citotoxic brain lesions mimicking neuronal migration disorders occur-
ring in human fetuses and newborns (Marret et al., 1995a, b; Gressens
et al., 1996).

2.1.1. Pathogenic mechanisms of four types of neuronal migration disorders

In addition to genetic factors, environmental factors have been
implicated in the etiology of neuronal migration disorders (Larroche
et al., 1994; Rosen and Galaburda, 2000). These brain malformations
are occasionally recognized as consequences of antenatal or perinatal
destructive lesions that lead to disruptions. Three main causes have
been suggested: vascular accidents, hemorrhaging and viral infections
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(Norman et al., 1995). In a variety of pathologic conditions, such as
stroke and various neurodegenerative disorders, excessive activation of
glutamate receptors may mediate neuronal injury or death (Choi, 1985,
1988; Olney, 1990; Lipton and Rosenberg, 1994; Bittigau and
Ikonomidou, 1997). NMDARs are ionotropic glutamate receptors that
act as cation-selective ion channels regulating Na+, K+, and Ca2+
and have a variety of developmental functions (Waters and Machaalani,
2004; Ritter et al., 2001). These functions include neuronal prolifera-
tion (Elizabeth et al., 1994; Gould and Cameron, 1997), cell migration
(Komuro and Rakic, 1993; Rakic, 1998), neuronal apoptosis, axonal
outgrowth (Ritter et al., 2001), synapse formation and elimination, and
synaptic plasticity (Bear et al., 1987; Brooks et al., 1991).

The cortical lesions observed after ibotenate injections have a strong
resemblance to the following neuronal migration disorders: (1) micro-
gyria, (2) focal subcortical heterotopia, (3) focal subependymal het-
erotopia, and (4) leptomeningeal glioneuronal heterotopia (Takano
et al., 2004). In the normal brain, newly generated neurons in the
ventricular zone migrate along the radial glial fibers to form the cortical
plate between the marginal zone and the subplate (Fig. 1A). In contrast,
focal excitotoxic brain lesions can induce focal damage of the radial
glial fibers and surrounding neural tissues, inducing the collapse of the
cortical plate. As the surrounding neurons migrate along the radial fi-
bers, the cortical plate rolls inward and then becomes folded, thereby
forming microgyria (Fig. 1B). When cortical damage extends to the
subplate, disorganized neural tissue with an abnormal neuronal ar-
rangement is produced over the deeper layers of the cortical plate.
When the surrounding neurons migrate along the radial fibers, a small
heterotopic cluster is left behind at the cortical plate, forming focal
subcortical heterotopia (Fig. 1C). This heterotopia includes a small
number of calretinin-expressing neurons originating from the subplate
neuronal population (Takano et al., 2004). GABA, calbindin, and cal-
retinin are expressed in tangential migrating cells at different times and
in a sequential order, suggesting that the heterotopic neurons con-
stituting the focal subcortical heterotopia originate in the lateral or
medial ganglionic eminence of the ventral telencephalon, due to dis-
turbed tangential neuronal migration. When the damage extends to the
ventricular zone, then the radial glial fibers become fragmented. As the
ventricular zone differentiates into the thinner ependymal layer, and
the surrounding neurons migrate along the radial fibers, a conglom-
erate mass of progenitor cells emerges from the ventricular zone, thus
forming focal subependymal heterotopia (Fig. 1D). Leptomeningeal
glioneuronal heterotopia is thought to be caused by the excessive
growth of radial fibers with unregulated neuronal migration through
the disrupted pial glial limitans (Fig. 1E).

Focal subependymal
heterotopia
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Fig. 1. Histogenetic brain development in the
normal and neuronal migration disorders. A:
Normal brain, B: Microgyria, C: Focal sub-
cortical heterotopia, D: Focal subependymal
heterotopia, E: Leptomeningeal glioneuronal
heterotopia. Arrows (C, D, E) indicate each
neuronal heterotopia. Asterisks (B, C, D) show
disrupted radial glial fibers. MZ, marginal
zone; CP, cortical plate; SP, subplate; 1Z, in-
termediate zone; VZ, ventricular zone. Adapted
from Takano et al., 2005.

Leptomeningeal
glioneuronal
heterotopia

2.2. Inhibition of DNA synthesis (Ara-C)

The nucleoside analog cytosine arabinoside (1-B-D-arabinofur-
anosylcytosine, Ara-C) is one of the most effective chemotherapeutic
agents in the treatment of acute myelogenous leukemia and a variety of
other hematologic malignancies (Besirli et al., 2003). Ara-C can inhibit
DNA synthesis in proliferating cells by being incorporated into elon-
gating DNA strands and causing retardation of DNA elongation, as well
as chain termination (Besirli et al., 2003). Disorders of neuronal pro-
liferation are expected to have a major impact on the CNS function and
resultant variable brain malformations, including microcephaly (Poduri
and Volpe, 2018a).

2.2.1. Extensive neuronal apoptosis

Primary microcephaly is the result of a variety of genetic and
chromosomal defects, as well as environmental insults, such as irra-
diation, infection, and chemical agents (Menkes et al., 2006). Micro-
cephaly can be also accompanied by numerous neuronal migration
disorders, including schizencephaly, lissencephaly, pachygyria, poly-
microgyria, and gray matter heterotopia (Menkes et al., 2006). The
administration of Ara-C to mice during pregnancy gives rise to ex-
tensive neuronal apoptosis throughout the cerebral hemisphere, espe-
cially in the ventricular and intermediate zones, including in the
ganglionic eminence, but relatively weakly in the outer layer of the
cortical plate (Fig. 2A, B). These results indicate that Ara-C induces
more intensive neuronal apoptosis in immature developing neurons
than in postmitotic young neurons settled in the cortical plate (Takano
et al., 2006).

2.2.2. Disturbance of interkinetic nuclear migration

The to-and-fro migration of the cells at the ventricular zone occurs
in synchrony with the cell cycle, such that after mitosis at the luminal or
apical surface of the ventricular zone (M-phase), the nuclei migrate to
the outer part of the ventricular zone during the G1 phase and stay at
the outer region of the ventricular zone during the S-phase (Kosodo
et al., 2011), which results in the accumulation of BrdU (5-bromo-
deoxyuridine)-positive nuclei in the outer part of the ventricular zone.
In the normal brains of 15-day-old mouse embryos, BrdU-positive
neuroepithelial cells were found to be accumulated specifically in the
outer layer of the ventricular zone (Fig. 2C). However, in the embryonic
brains exposed to Ara-C during pregnancy, BrdU-positive cells were
nonspecifically and widely scattered in the whole ventricular zone and
intermediate zone (Fig. 2D). These differences in the distribution of S-
phase neuroepithelial cells appear to be the result of a toxic effect of
Ara-C. Thus, the inhibition of DNA synthesis in developing neurons
induces a disturbance in interkinetic nuclear migration in the ven-
tricular zone (Takano et al., 2006).
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Fig. 2. Developmental brain disorders induced by
the inhibition of DNA synthesis.
Immunohistochemistry was used to demonstrate
the abnormal expression of specific proteins in
Ara-C induced neuronal migration disorders.
Terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end-labeling (TUNEL) reac-
tion enables the detection of cells containing
fragmented DNA, indicating apoptosis. 5-bromo-
deoxyuridine (BrdU) is a thymidine analogue that
is incorporated into DNA, showing cells in the S
phase of mitosis. Nestin belongs to a distinct sixth
class of intermediate filaments and is pre-
dominantly expressed in proliferating neuronal
progenitor cells. Calretinin is a calcium-binding
protein and is abundantly expressed in tangentially
migrating interneurons. A, B: TUNEL im-
munohistochemistry. Intensive neuronal apoptosis
throughout the cerebral hemisphere (A), especially
in the ventricular and intermediate zones (B) in the
embryonic brains exposed to Ara-C during preg-
nancy. C, D: BrdU-nestin double immunostaining
(BrdU, red; nestin, blue). Interkinetic nuclear mi-
gration is clear in the normal brain, which shows
BrdU-positive nuclei of neuroepithelial cells in the
outer layer of the ventricular zone (S-phase posi-
tion) (C) but is disturbed by the inhibition of DNA
synthesis, which shows the non-specific random
distribution of BrdU-positive cells in both the
ventricular and intermediate zones (D). E, F:
Nestin immunohistochemistry. The dense accu-
mulation (E) and disrupted distribution (asterisks
in F) of radial glial fibers in the ganglionic emi-
nence of the normal and Ara-C-induced disorder
brain, respectively. G, H: Calretinin im-
munohistochemistry. Tangentially oriented (G)
and disrupted subplate fibers (asterisk in H) in the
normal and Ara-C-induced disorder cerebral
cortex, respectively. Scale bars: (A) 120 um; (B)
60 um; (C, D) 40 um; (E-H) 60 um. CP, cortical
plate; 1Z, intermediate zone; VZ, ventricular zone;
LV, lateral ventricles; SP, subplate; GE, ganglionic
eminence; Cg, cingulum. Adapted from Takano
et al., 2006.
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2.2.3. Disturbance of tangential neuronal migration

Cortical cells migrating from the lateral ganglionic eminence (LGE)
and medial ganglionic eminence (MGE) follow distinct pathways.
Initially, to reach the vicinity of the internal capsule—where the cor-
ticofugal system terminates at this early age—ganglionic eminence cells
use radial glial fibers that extend laterally or ventrolaterally.
Subsequently, the ganglionic eminence cells use the axonal plexuses of
this system to reach various levels of the developing cortex (Parnavelas,
2000). The calcium-binding protein calretinin is known to be expressed
in some tangentially migrating cells. In the cortical neuroepithelium,
the spatiotemporal sequence of GABA, calbindin, and calretinin ex-
pression has been shown to occur over several embryonic days
(Jimenez et al., 2002). In the normal brains of 15-day-old mouse em-
bryos, radial glial fibers were densely accumulated in the ganglionic
eminence (Fig. 2E), and calretinin protein was mainly expressed on the
tangentially oriented fibers of the subplate, which extended from the
internal capsule and reached around the cingulum (Fig. 2G). However,
in the embryonic brains exposed to Ara-C during pregnancy, the
ganglionic eminence was atrophic with disrupted radial glial fibers
(Fig. 2F), and the calretinin-immunoreactive fibers were found to end at
the internal capsule and were not detected in the subplate of the frontal
or cingulate cortices (Fig. 2H), implying the disruption of the tangential
migration route for the ganglionic eminence cells (Takano et al., 2006).

3. Interneuron dysfunction in polymicrogyria
3.1. Epileptogenicity in polymicrogyria

3.1.1. Pathology and clinical manifestations of polymicrogyria

Polymicrogyria is a cerebral cortical malformation characterized by
an excessively folded cortical ribbon of miniature thin convolutions,
which consists of two pathological subtypes: the unlayered type and the
four-layered type (Sisodiya, 2004). In unlayered polymicrogyria, the
external molecular layer is continuous and does not follow the profile of
the convolutions, and the underlying neurons have radial or vertical
distribution, but no laminar organization (Ferrer, 1984). In four-layered
polymicrogyria, there are two neuronal layers (2nd and 4th layers)
under the molecular layer (1 st layer), separated by an intermediate
layer with many fibers and few cells (cell-sparse 3rd layer) (Graham
and Lantos, 2002). The polymicrogyric 2nd and 3rd layers are thought
to correspond to the normal cortical layers II, III, IV, and V, respec-
tively, and horizontal neuronal lamination is usually spared. In addi-
tion, there are clinical subtypes of polymicrogyria that are classified
based on differences in extension and topography, and on their asso-
ciation with neurodevelopmental impairment, cognitive deficits, and
epilepsy of variable severity (Jansen and Andermann, 2005). Several
specific syndromes have been described with characteristic poly-
microgyria. The best characterized of these is congenital bilateral
perisylvian polymicrogyria (Kuzniecky et al., 1993; Guerrini et al.,
1997; Barkovich et al., 1999). Polymicrogyria is a highly epileptogenic
lesion. Approximately 80% of patients with this lesion eventually de-
velop seizures, with the majority developing seizures within their first
five years (Spreafico et al., 1999). Generalized polymicrogyria is
characterized by a significantly lower age at seizure onset in compar-
ison to other bilateral patterns, and patients with bilateral perisylvian
polymicrogyria have a significantly lower age at seizure onset in com-
parison to patients with unilateral perisylvian polymicrogyria. How-
ever, the frequency of epilepsy does not differ significantly among any
of the major patterns of polymicrogyria, or among the subtypes of
polymicrogyria within the same main pattern (Leventer et al., 2010).
This may suggest that the epileptogenicity of the polymicrogyric cortex
is relatively consistent, regardless of the topography, extent or later-
ality.

3.1.2. Epileptogenic zone in polymicrogyria
Several clinical investigations have focused on the epileptogenic
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focus in polymicrogyria. Electroencephalography (EEG) and functional
magnetic resonance imaging (fMRI) studies in patients with poly-
microgyria showed that the intrinsic epileptogenicity in polymicrogyria
may be related to limited areas within the lesion (Kobayashi et al.,
2005). Another study combining magnetoencephalography (MEG) and
MRI showed that the clusters of dipole sources of the spikes were lo-
calized in the polymicrogyric grey matter of the perisylvian cortex
(Burneo et al., 2004). A study of intralesional EEG recordings reported
that the interictal intralesional activity in the polymicrogyric cortex
was characterized by high-frequency spiking, which was clearly dif-
ferent from the continuous rhythmic spike discharges observed in
Taylor-type focal cortical dysplasia (TTFCD) (Chassoux et al., 2000).
TTFCD, also called focal cortical dysplasia type II (FCD II) according to
the classification of Palmini et al. (Palmini et al., 2004), is a distinctive
malformation of cortical development characterized by laminar dis-
organization and dysplastic neurons. Classically, this condition includes
the two subtypes of dysplasia (TTFCD-D or FCD IIA) and balloon cells
(TTFCD-BC or FCD IIB) based on the presence or absence of balloon
cells (Giudice et al., 2006). The epileptogenic zone in polymicrogyria is
essentially different from that in TTFCD (Chassoux et al., 2008). In
polymicrogyria, resection limited to the lesions would be unlikely to be
followed by a favorable outcome; however, in TTFCD, the epileptogenic
zone corresponds to the dysplastic tissue, which would likely be con-
firmed by a large percentage of patients achieving a seizure-free status
after the complete resection of the lesion (Chassoux et al., 2000). In
conclusion, polymicrogyria is intrinsically epileptogenic. This not only
involves the less excitable neural tissue, such as the cell sparse zone, but
also a part of a larger epileptic network extending to adjacent and
distant cortical areas, including the mesial temporal structures.

3.2. Variable changes of interneurons in polymicrogyria

3.2.1. Mobilization of interneurons to the dysplastic cortex

The inhibitory local circuit interneurons primarily use GABA as a
neurotransmitter (Druga, 2009). Most of the cortical inhibitory inter-
neurons in the mammalian cortex are considered to arise from the
ganglionic eminence via tangential, rather than radial migration
(Anderson et al., 2001). Alterations in the function and number of in-
hibitory interneurons are one of the causes of the predisposition to
seizures. Interneurons in the cortex are highly diverse, and their phe-
notype is influenced by their local afferent connections, in addition to
developmental factors (Gonzalez-Albo et al., 2001). The calcium
binding protein parvalbumin, calbindin and calretinin, and somatos-
tatin identify distinct subsets of interneurons that are present in all
regions of the mammalian cortex (Conde et al., 1994). The depletion of
inhibitory interneurons has been noted in focal cortical dysplasia and
may partly explain the excitatory overbalance in these lesions (Thom
et al., 2003). This local deficit of interneurons may represent a primary
failure of tangential migration or of subsequent differentiation within
the region of dysplasia (Thom et al., 2003). The intracerebral injection
of ibotenate produces excitotoxic brain lesions that mimic neuronal
migration disorders in kittens (Innocenti and Berbel, 1991), and ham-
sters (Takano et al., 2004). A neuronal tracing study of progenitor cells
in the ganglionic eminence using biotinylated dextran amine (BDA)
demonstrated that the interneurons were specifically mobilized to the
microgyric area out of the ganglionic eminence (Fig. 3A, B) (Sawai
et al., 2009; Takano et al., 2010; Takano, 2011). This finding suggests
the development of new inhibitory neuronal connections after the onset
of excitotoxic brain lesions (e.g., polymicrogyria) that induce cortical
dysplasia.

3.2.2. Altered distribution of interneurons around the microgyria
Electrophysiological studies using cortical slices in a rat model of
polymicrogyria demonstrated that the epileptiform activity could only
be evoked from a focal zone adjacent to the microgyrus (paramicrogyral
zone) and not within the microgyrus proper, suggesting that the
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Fig. 3. Interneuron abnormalities induced by
excitotoxic brain injury. Neuronal tracing and
immunohistochemical studies were performed
to examine the variable changes of inter-
neurons. Biotinylated dextran amine (BDA),
which yields sensitive and exquisitely detailed
labeling of axons and terminals using pre-
ferentially anterograde transport, was injected
into the ganglionic eminence during the new-
born period in this experiment. Parvalbumin is
a calcium-binding protein, and all parval-
bumin-immunoreactive neurons in the rodent
cortex are GABAergic. Fluoro-Jade B (FJB) is
an anionic fluorochrome reported to selectively
stain degenerating neurons. A, B: BDA im-
munohistochemistry with hematoxylin double
staining. A: BDA immunoreactive cells and fi-
bers (short arrows) are migrating toward the
tip of the polymicrogyria (asterisks), extending
from the dorsomedial part of the subventricular
zone (SVZdm) (long arrows). B: Note the strong
accumulation of BDA-labeled unipolar cells
within the polymicrogyric cortex with nu-
merous BDA immunoreactive fibers (small ar-

epileptiform activity can be generated outside the lesion itself, which is
referred to as the paramicrogyral area (Jacobs et al., 1999). Because of
the presence of focal cortical dysplasia, the cortical afferents unable to
find appropriate targets within the malformed region may instead sy-
napse in the adjacent paramicrogyral area, thus implying that there is
an increase in the number of functional excitatory synapses on both the
interneurons and pyramidal cells in the paramicrogyral cortex (Jacobs
et al., 1999). The temporary downregulation of the parvalbumin ex-
pression in the malformed cortex was observed in the freeze-lesion rat
model of microgyria (Rosen et al., 1998). On the other hand, the density
of GABA- and parvalbumin-positive neurons in the fronto-parietal
cortex is not significantly different between lesioned and control ani-
mals. Moreover, the density of calbindin-immunoreactive neurons lo-
cated in the paramicrogyral area was significantly higher (Schwarz
et al., 2000). These results indicate the variable presence of less ex-
citable neural tissue within the polymicrogyria. We have demonstrated
that parvalbumin-positive interneurons significantly accumulated in

rows) entering this microgyria. C, D:
Parvalbumin immunohistochemistry. C:
Parvalbumin-positive interneurons are uni-
formly distributed in the cerebral cortex of
normal brain. D: Note the stronger accumula-
tion of interneurons in the lateral part of the
polymicrogyric cortex (two asterisks) than
those in the medial part of polymicrogyria
(asterisk). E, F: FJB staining in polymicrogyria.
Small amounts of FJB-positive elements were
detected in the cerebral cortex (E) and caudate
putamen (F), most of which show non-
pyramidal cell morphology, and which are
likely to be interneurons (inset in E, and F).
Scale bars: (A) 120um; (B) 30um; (C-E)
400 um; (F) 80um. Adapted from Takano,
2011, 2012; Takano and Matsui, 2015.

the lateral part of the microgyrus, but not the medial part of the mi-
crogyrus (Fig. 3C, D). It is unclear whether the increased number of
parvalbumin-positive cells in the lateral part of the microgyrus provides
an increased perisomatic inhibition of the principal cells. However,
these findings suggest that the callosal, thalamic and intracortical af-
ferents to the microgyrus and paramicrogyral area may induce a re-
markable imbalance between the excitatory and inhibitory activities of
the cortical structures, which may be associated with the epileptogenic
mechanism in polymicrogyria (Takano, 2012).

3.2.3. Selective vulnerability of interneurons to proconvulsant agents
GAP43, a growth-associated protein, is a presynaptic phosphopro-
tein of growth cones that is expressed during development and other
events of axonal growth, such as the regeneration of injured axons
(Benowitz and Routtenberg, 1997; Longo et al., 2005). Developing
neurons express high levels of GAP43, which is transported to the
growth cones of immature synapses. Its expression in neurons is closely
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Fig. 4. The disruption of the developmental sequence by immature brain insult. Imnmature brain insults can induce the failure of interneurons to undergo the entire
developmental processes of the brain such as neuronal proliferation, migration and organization. The resultant abnormalities include abnormal mobilization, altered
distribution, and the selective vulnerability of the inhibitory cortical interneurons. Thus, the disordered developmental processes are closely associated with the
excitatory-inhibitory imbalance and resultant seizure susceptibility inducing epilepsy.

correlated with axonal elongation, synaptogenesis and nerve sprouting
during development. Pentylenetetrazole (PTZ) is a well-described pro-
convulsant agent used in rat kindling models and in the generation of
acute short-lived seizures (Morimoto et al., 2004; Mason and Cooper,
1972). Although the exact mechanisms underlying the pathogenesis of
PTZ-induced convulsions remain unclear (Oghlakian et al., 2009), the
most accepted theory highlights its action as an antagonist to the pi-
crotoxinin-sensitive site of GABA receptor complex (Chweh et al., 1983;
Ramanjaneyulu and Ticku, 1984). Repeated injections of sub-con-
vulsive doses of PTZ elicited significantly higher seizure scores in the
polymicrogyria rats in comparison to control rats (Takano and Matsui,
2015). Fluoro-Jade B—positive degenerating neurons after PTZ injection
and the subsequent expression of GAP43 were mainly restricted to in-
terneurons in the brain with polymicrogyria; no such neurons were
detected in the control brains (Fig. 3E, F). These results imply that the
axonal growth and dendritic plasticity observed after the formation of
excitotoxic lesions or sub-convulsive chemical injury predominantly
occurs in the inhibitory interneurons in the immature brain, which may

constitute the basis for the decreased seizure threshold and resultant
intractable epilepsy in polymicrogyria.

4. Future directions

More than 30% of cases involve refractory epilepsies in which
medical therapies fail to manage the seizures (Engel, 2014). Drug-re-
sistant seizures can be potentially life-threatening and are associated
with psychological impairments and a compromised quality of life
(Laxer et al., 2014). Patients who undergo surgical removal of seizure
foci are more likely to become seizure-free with a better quality of life
than those who do not undergo removal (Liu et al., 2018). However,
surgical resection can only be done successfully when the seizure focus
can be clearly identified and safely removed without lasting con-
sequences (Jobst and Cascino, 2015). Electrical neurostimulation is
reported to be effective and acceptably safe (Heck et al., 2014), but it is
currently useful only in a fraction of patients with drug-refractory sei-
zures (Pais-Vieira et al., 2016). Transcranial magnetic stimulation is
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non-invasive, but there is no powerful evidence to support its efficacy
(Lin and Wang, 2017). These limitations in the currently available
treatment options for refractory epilepsy call for the development of
more effective and restorative therapeutic modalities.

Transplantation of cells, such as cortical GABAergic interneurons, is
a strategy currently being examined rigorously in preclinical models of
epilepsy (Shetty and Upadhya, 2016; Zhu et al., 2018). A variety of cells
have been tested for their proficiency in suppressing seizures following
grafting into distinct regions of the brain. These cells include primary
GABAergic progenitors from the mouse embryonic MGE (De la Cruz
et al., 2011), neural stem cells expanded from the rat embryonic MGE
(Waldau et al., 2010), and MGE-like progenitors generated from human
embryonic stem cells (Cunningham et al., 2014). Considering the pro-
mising results of these experimental investigations, the interneuron
replacement therapy would be a safe and effective treatment option
against refractory seizures in the future. Further studies will be essential
for paving the way for the clinical translation of GABAergic cell grafting
for epileptic conditions.

5. Conclusion

The proliferation, migration, and organization of cortical inter-
neurons are determined by a vast array of extrinsic and intrinsic factors
that work in concert to assemble a proper functioning cortical in-
hibitory network. We herein reported that when the immature devel-
oping brain is subjected to insult, the interneurons fail to undergo these
organizing processes, resulting in several developmental abnormalities
as follows: 1) extensive neuronal apoptosis of progenitor cells; 2) dis-
turbed interkinetic nuclear migration and tangential neuronal migra-
tion; 3) abnormal mobilization and altered interneuron distribution;
and 4) selective vulnerability of the interneurons due to excitotoxic
brain injury (Fig. 4). Precisely what compensatory processes generate
the cortical excitatory-inhibitory balance has not yet been clarified.
However, populations of excitatory and inhibitory synapses must likely
be adjusted in a complex and coordinated manner in order to preserve
the excitatory-inhibitory balance and prevent neural systems from re-
maining hypo- or hyper-excitable for prolonged periods. The basic
mechanisms underlying seizure suppression should be further explored
for the better control of refractory seizures.
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