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Interneuron Transplantation as a Treatment
for Epilepsy

Robert F. Hunt and Scott C. Baraban

Department of Anatomy & Neurobiology, University of California Irvine, Irvine, California 92697

Correspondence: robert.hunt@uci.edu; scott.baraban@ucsf.edu

Stem-cell therapy has extraordinary potential to address critical, unmet needs in the treat-
ment of human disease. One particularly promising approach for the treatment of epilepsy is
to increase inhibition in areas of the epileptic brain by grafting new inhibitory cortical
interneurons. When grafted from embryos, young g-aminobutyric acid (GABA)ergic precur-
sors disperse, functionally mature into host brain circuits as local-circuit interneurons, and
can stop seizures in both genetic and acquired forms of the disease. These features make
interneuron cell transplantation an attractive new approach for the treatment of intractable
epilepsies, as well as other brain disorders that involve increased risk for epilepsy as a
comorbidity. Here, we review recent efforts to isolate and transplant cortical interneuron
precursors derived from embryonic mouse and human cell sources. We also discuss some of
the important challenges that must be addressed before stem-cell-based treatment for human
epilepsy is realized.

During mammalian embryogenesis, pluri-
potent stem cells give rise to multipotent

precursors from which all brain cell types are
produced (Haeckel 1868, 1874; Potten and
Loeffler 1990; Morrison et al. 1997). This period
of rapid prenatal neurogenesis ends shortly after
birth when the brain has been populated with
appropriate numbers of neurons and support
cells. Although the addition of new brain cells
can persist in the mature nervous system (Alt-
man 1963), adult neurogenesis is largely restrict-
ed to two regions: (1) the subgranular zone of
the dentate gyrus, and (2) the subventricular
zone of the lateral ventricle. These observations
have led to a long-standing central dogma in
basic neuroscience research that the adult mam-
malian nervous system possesses only a very

limited capacity for self-repair, occurring pri-
marily through synaptic or homeostatic plastic-
ity mechanisms. Over the last decade, however,
rapid advances in pluripotent stem-cell re-
search, synthetic biology, and regenerative med-
icine have generated a tremendous amount of
excitement for cell-based approaches in the
treatment of many nervous system diseases, in-
cluding epilepsy. Many of the disorders current-
ly undergoing preclinical evaluation for cell
therapy involve transplanting a single, well-de-
fined cell type as the target for cell replacement
(e.g., grafts of midbrain dopamine neurons to
replace those lost in Parkinson’s disease). How-
ever, in most studies, grafted cells remain at sites
of injection and only integrate locally (or not at
all), apparently unable to migrate far from the
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graft site and populate the entire brain region
needing new neurons. Ultimately, for cell ther-
apy to be successful, it will be necessary to iden-
tify appropriate, disease-specific populations of
brain cells that disperse following transplanta-
tion and functionally integrate into the neural
circuitry of a diseased brain in a manner that
reflects their endogenously born counterparts
targeted for replacement.

Here, we discuss the emerging promise of an
interneuron cell-based therapy for intractable
epilepsy. We briefly summarize the development

of inhibitory interneurons of the cerebral cortex
and their important role in seizure disorders
(Fig. 1). Then, we describe methods that have
been developed over the last 15 yr to graft cor-
tical interneurons into the juvenile and adult
central nervous system (CNS) and preclinical
approaches testing interneuron cell transplanta-
tion for epilepsy therapy. Finally, we evaluate
recent efforts to derive forebrain interneurons
in vitro from pluripotent stem cells and discuss
some of the challenges involved in moving cell
therapy out of the laboratory and into the clinic.
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Figure 1. Inhibitory interneurons of the cerebral cortex. (A) Coronal section from a GAD67-green fluorescent
protein (GFP) transgenic mouse at E13.5. GFP-labeled g-aminobutyric acid (GABA) neurons (green) are born
in the subcortical basal ganglia and tangentially migrate to the cortex. Yellow arrows indicate the leading group of
migrating GABA neurons. (B) Transcription factor genes that specify medial ganglionic eminence (MGE)
neuronal cell types. Neural “stem cells” in the MGE express Olig2, Sox2, and Nkx2-1. In migrating intermediate
neural progenitors, Dlx genes and Ascl1 specify differentiation into GABAergic interneurons. MGE cells that
migrate to the cortex down-regulate Nkx2.1 and express Lhx6, as well as other genes and transcription factors.
(C) Schematic showing the main interneuron subtypes originating in the MGE (parvalbumin [PV]-, soma-
tostatin [SST]-, and neuronal nitric oxide synthase [nNOS]-positive interneurons) and caudal ganglionic
eminence (CGE) (vasoactive peptide [VIP]-, calretinin [CR]-, and reelin-positive interneurons). Ctx, Neocor-
tex; HC, hippocampus; LGE, lateral ganglionic eminence; POA, preoptic area.
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ORIGINS OF CORTICAL INTERNEURONS

Inhibitory cortical interneurons represent a
broad class of local-circuit, g-aminobutyric
acid (GABA)-releasing neurons that comprise
�20% of the total neuron population in the
mammalian cerebral cortex (Freund and Buz-
sáki 1996; Ascoli et al. 2008). GABA, the main
inhibitory neurotransmitter of the CNS, pri-
marily acts through ionotropic GABA type A
(GABAA) receptors to increase permeability
of chloride and bicarbonate ions in the mature
CNS (Roberts and Frankel 1950; Florey 1954;
Bazemore et al. 1957; Boistel and Fatt 1958;
Krnjević and Schwartz 1967; Dreifuss et al.
1969; Kaila 1994). Unlike glutamatergic projec-
tion neurons, which derive from proliferative
regions in the dorsal telencephalon (Angevine
and Sidman 1961; Rakic 1972; Tan et al. 1998),
cortical interneurons are largely born within
distinct progenitor zones of the subcortical bas-
al ganglia and populate the forebrain through
long-distance tangential (nonradial) migration
during late embryonic and early postnatal devel-
opment (Anderson et al. 1997; Tamamaki et al.
1997). In rodents and primates (Anderson et al.
2001; Nery et al. 2002; Hansen et al. 2013; Ma
et al. 2013), including humans, the majority of
cortical interneurons derive from two transitory
regions of the ventral lateral ventricle in the em-
bryonic telencephalon, the medial and caudal
ganglionic eminences (MGEs and CGEs, respec-
tively), with a smaller contribution from the
preoptic area (POA) (Gelman et al. 2011).

A collection of seminal transplantation and
in vivo fate-mapping studies dating back to the
late 1990s revealed that nearly all neocortical and
hippocampal GABAergic interneurons arise
from the MGE or CGE (Lavdas et al. 1999; Sussel
et al. 1999; Anderson et al. 2001; Wichterle et al.
2001; Xu et al. 2004; Butt et al. 2005; Alvarez-
Dolado et al. 2006). The MGE is the primary
source of inhibitory neurons expressing parval-
bumin (PV), somatostatin (SST), or neuronal
nitric oxide synthase (nNOS), and MGE identity
is specified largely by expression of Nkx2-1,
Lhx6, Sox6, and Satb1 transcription factors
(Wichterle et al. 2001; Xu et al. 2004; Butt et al.
2005; Alvarez-Dolado et al. 2006; Flames et al.

2007; Tricoire et al. 2010, 2011; Vogt et al. 2014).
The CGE gives rise to inhibitory neurons ex-
pressing the serotonin receptor, 5HT3A, which
includes vasoactive peptide (VIP)-, calretinin
(CR)-, and reelin-positive interneurons that do
not express SST (Lee et al. 2010; Miyoshi et al.
2010; Tricoire et al. 2011). Although transcrip-
tional control of CGE has been less studied,
COUPTFII, Sp8, and Gsh2 are particularly en-
riched in the CGE (and parts of the lateral gan-
glionic eminence [LGE]) and contribute to the
specification of CGE-derived cortical interneu-
rons (Flames et al. 2007, Fogarty et al. 2007).
Within each of the neurochemically defined
groups of interneurons, there are also many
subgroups defined by distinct combinations of
morphological, physiological, gene expression,
and synaptic connectivity criteria (Freund and
Buzsáki 1996; Ascoli et al. 2008).

GABA NEURONS AND EPILEPSY

Although inhibitory interneurons are far less
abundant in number than excitatory pyramidal
cells, they have essential roles in the proper de-
velopment, organization, and function of the
cerebral cortex. As such, GABAergic interneu-
rons are increasingly believed to be critically im-
portant for coordinating a wide range of behav-
iors and cognitive functions. There is now a large
body of literature in mouse models and humans
that support a role for interneuron dysfunction
in disorders of brain development, such as epi-
lepsy, autism, intellectual disability, and schizo-
phrenia, as well as neurodegenerative or injury-
based disorders, such as Alzheimer’s disease,
stroke, and traumatic brain injury. Interestingly,
many, if not all, of the known brain disorders
involving interneuron pathologies are associat-
ed with abnormal network excitability and often
involve increased risk for epilepsy as a com-
orbidity.

Some of the strongest support linking in-
terneuron deficiency and epilepsy has come
from recent studies in genetically engineered
mice. For example, mutant mice with genetic
inactivation of the homeobox transcription
factor, distal-less homeobox 1 (Dlx1), show a
delayed, late-onset loss of SST-, neuropeptide
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Y (NPY)-, and CR-positive interneurons (iden-
tified through immunohistochemical and in
situ hybridization studies), a subsequent reduc-
tion in synaptic inhibition in neocortex and
hippocampus (evaluated by acute brain slice
electrophysiology experiments), the emergence
of spontaneous electrographic seizures, and ab-
normalities in cortical g oscillations by postna-
tal d 30 (P30; assessed by long-term video-elec-
troencephalogram [EEG] recordings) (Cobos
et al. 2005; Howard et al. 2014). Many other
studies in mutant mice with subtype-specific
reductions in cortical interneuron densities or
function also report the presence of spontane-
ous seizures as a phenotype, including the uro-
kinase receptor (uPAR) (Powell et al. 2003),
neuropilin-2 (Gant et al. 2009), ARX (Price
et al. 2009), and Nav1.1 (Yu et al. 2006) knock-
out mice. These discoveries, along with the
identification of epilepsy in children with
many of the same gene mutations, have led to
the proposal of a new “interneuronopathy”
classification for epilepsies caused by a disorder
of tangentially migrating interneurons (Kato
and Dobyns 2005).

In addition to seizure disorders resulting
from abnormal cortical development, GABA
neuron loss is also present in epilepsy that is
acquired following a head injury, in both human
and animal models. For example, specific pop-
ulations of interneurons in the hippocampus,
primarily SST-positive interneurons, are lost in
patients with temporal lobe epilepsy (Babb et al.
1989; de Lanerolle et al. 1989; Houser 1990;
Mathern et al. 1995; Zhu et al. 1997; Andrioli
et al. 2007), as well as brain trauma patients that
develop limbic epilepsy (Swartz et al. 2006); this
finding has been replicated in multiple animal
models of pharmacologically induced temporal
lobe epilepsy (Obenaus et al. 1993; Buckmaster
and Dudek 1997; Buckmaster and Jongen-Rêlo
1999; Kobayashi and Buckmaster 2003) and
traumatic brain injury (Lowenstein et al. 1992;
Toth et al. 1997; Huusko et al. 2015). The pres-
ence of substantial and widespread interneuron
loss in damaged regions of the cortex in acquired
epilepsy is almost always linked to a subsequent
reduction in synaptic inhibition (Kobayashi
and Buckmaster 2003; Hunt et al. 2010), as

well as putative compensatory responses of
damaged inhibitory circuits (e.g., interneuron
axon sprouting and changes in GABA receptor
subunit composition).

MGE TRANSPLANTATION AS A THERAPY
FOR EPILEPSY

During forebrain development, neural pro-
genitors born in the dorsal telencephalon use
radial glia as scaffolds and migrate along radial
glial fibers to reach their final cortical destina-
tions (Gotz and Huttner 2005; Molyneaux et al.
2007). In contrast, cortical interneurons are ven-
trally born, migrate long distances in a tangential
manner into the neocortex and hippocampus,
and do not require radial glia for their translo-
cation. Remarkably, interneuron progenitor
cells dissected from embryonic MGE or CGE
retain their unique migratory properties after
they are grafted into the juvenile or adult mouse
brain (Fig. 2) (Wichterle et al. 2001; Alvarez-
Dolado et al. 2006; Hunt et al. 2013; Sebe et
al. 2014a), and they are capable of migrating
long distances following transplantation (up to
5 mm from a single injection site). Consistent
with previous lineage tracing and fate-mapping
studies, nearly all grafted MGE cells integrate
into recipient circuits as functionally mature
GABAergic interneurons that express GABA or
GAD67 (identified by immunohistochemical,
electrophysiological, and single-cell gene-ex-
pression studies) and show anatomical signs of
synapse formation (as detected by electron mi-
croscopy). Subtypes of inhibitory interneurons
can also be identified, with PV-, SST-, nNOS-
positive subtypes representing the majority of
MGE graft-derived neurons and VIP-, CR-,
and reelin-positive subtypes representing the
majority of CGE graft-derived neurons (Fig. 2)
(i.e., cell types that are consistent with their re-
spective lineage). Slice electrophysiology studies
from multiple laboratories have now shown rel-
atively direct evidence, via single and dual patch-
clamp recordings, that grafted MGE cells are
synaptically incorporated into recipient circuits
within a month of their injection (Alvarez-Do-
lado et al. 2006; Baraban et al. 2009; Martı́nez-
Cerdeno et al. 2010; Southwell et al. 2010, 2012;
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Zipancic et al. 2010; Hunt et al. 2013; Howard
et al. 2014; Tong et al. 2014). In regions of the
host brain containing MGE-grafted interneu-
rons, both synaptic (phasic) and extrasynaptic
(tonic) inhibition is enhanced in nearby py-
ramidal neurons, but not in host interneu-
rons. However, increases in tonic inhibition
were only observed when extrasynaptic currents
were pharmacologically isolated, not under
physiological recording conditions (Baraban
et al. 2009; Sebe et al. 2014b). Collectively, these
findings suggest that, similar to endogenously
born MGE subtypes, grafted MGE cells main-
tain their natural propensity for targeting gluta-
matergic principal neurons. It is not yet known
whether they also form appropriate domain-
specific innervation of their targets (i.e., PV-
positive basket and chandelier cells normally
provide perisomatic inhibition by targeting

cell somata) or how CGE-derived interneurons
integrate following transplantation.

The idea of replacing diseased or damaged
body parts has been around as early as the 4th
century B.C. However, the modern era of organ
transplantation therapy began in the late 19th
century when Emil Theodor Kocher, an early
pioneer of epilepsy neurosurgery, transplanted
thyroid tissue into a patient suffering from hy-
pothyroidism following radical thyroidectomy
(Schlich 2010). Early attempts at establishing a
cell-based therapy for epilepsy typically used
cells of mixed lineage from fetal sources or im-
mortalized cell lines. In many of these studies,
the goal was to test potential anticonvulsant ef-
fects of “GABA-enriched” cell grafts (Fine et al.
1990; Loscher et al. 1998; Thompson et al. 2000;
Gernert et al. 2002; Waldau et al. 2010). How-
ever, grafted cells remained at sites of injection,
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Figure 2. Medial ganglionic eminence (MGE) and caudal ganglionic eminence (CGE) cell grafts into the adult
hippocampus. (A) Sixty days following transplantation into the hippocampus, green fluorescent protein (GFP)-
labeled E13.5 CGE cells (green) found in the dentate gyrus colabel for GAD67 (red). (B) Distribution of grafted
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only elicited transient effects on evoked seizure
events, and were not confirmed as functional-
ly integrating into the host brain circuitry. None
of these studies showed evidence for selective
modification of synaptic transmission in the
recipient brain or suppression of unprovoked,
spontaneous electrographic seizures, which is
the hallmark feature of epilepsy. Our recent dis-
covery that GABAergic precursors can be dis-
sected from mouse embryos and act as a source
of new and functionally integrated, inhibitory
interneurons in the host brain provided the ba-
sis from which interneuron replacement thera-
py for epilepsy could actually be tested.

Our group was the first to discover disease-
modifying effects of MGE cell transplantation
in mice lacking a Shaker-like potassium channel
(Kcna1/Kv1.1), an ion channelopathy associat-
ed with congenital epilepsy in humans (Baraban
et al. 2009). Bilateral cell grafts were made into
the neonatal neocortex at P2. Thirty days later,
increases in inhibition were detected in areas of
the neocortex receiving MGE cells, and grafted
mice had an 86% reduction in spontaneous
electrographic seizures. This study offered a
powerful example of how an interneuron cell
therapy for epilepsy might work in humans,
but it remained unclear whether this type of
graft procedure could result in other behavioral
effects (either wanted or unwanted) or whether
grafts into an adult brain could also be effective
after seizures emerge. To test these possibilities,
we performed another study in a pilocarpine
mouse model of acquired (injury-induced) ep-
ilepsy, and MGE cells were grafted into animals
only after they already showed disease symp-
toms (i.e., spontaneous seizures) (Hunt et al.
2013). Similar to studies in neonates, MGE pre-
cursors migrated widely following transplanta-
tion into the adult hippocampus or amygdala
and matured into a variety of functional and
synaptically integrated inhibitory neurons con-
sistent with their MGE lineage. The severely
epileptic mice receiving MGE cells had a 92%
reduction in spontaneous, electrographic sei-
zures 60 or more days following transplantation
into the hippocampus, but not the amygdala.
These cells also reversed many of the behavioral
and cognitive comorbidities associated with

adult-onset temporal lobe epilepsy after the
animals already showed disease symptoms. Re-
markably, the long-lasting effects on epilepsy
and epilepsy-related behavioral problems were
achieved without notable changes in structural
rearrangements of the underlying epileptic host
circuitry.

Additional studies have confirmed initial
findings that MGE cell transplantation can se-
lectively increase inhibition in a recipient brain.
In one study, MGE progenitors were grafted
into the adult hippocampus after saporin-in-
duced ablation of CA1 hippocampal interneu-
rons (Zipancic et al. 2010). Increasing the num-
ber of inhibitory interneurons via MGE cell
injection restored deficits in synaptic inhibition
to CA1 pyramidal neurons; somewhat surpris-
ingly, seizure susceptibility to the GABA recep-
tor antagonist pentylenetetrazole was also al-
tered by MGE cell grafts. Using Dlx1 – / – mice
to more directly study the network changes fol-
lowing selective interneuron lesions in vivo, our
laboratory recently found evidence that excit-
atory circuits in the hippocampus also respond
to decreases in inhibition by reducing excitatory
drive onto CA1 pyramidal neurons via glutama-
tergic synapse silencing (Howard et al. 2014).
Although this homeostatic compensation likely
helps maintain the balance between excitation/
inhibition in the hippocampus in vivo, it leads
to enhanced potential for long-term potentia-
tion, spontaneous seizures, and abnormal g

oscillations. Addition of new interneurons by
MGE cell transplantation into mutant mice par-
tially corrected these neural circuit changes,
providing evidence that cell-autonomous ho-
meostatic plasticity in excitatory neurons can
be controlled bidirectionally by manipulating
cortical interneurons.

In another study, MGE cell grafts were made
into the neocortex of adult naı̈ve animals, and
4-aminopyridine (4-AP) exposure was used to
elicit field potential bursting (De la Cruz et al.
2011). A modest effect on 4-AP-induced field
potential power was reported by 2 wk follow-
ing MGE cell injection. Because this effect
occurred in the presence of both high and low
densities of grafted cells and at a time before sig-
nificant increases in synaptic inhibition were
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detected in previous studies, the investigators
speculated that the impressive reduction of
spontaneous seizure activity following MGE
cell transplantation in the other studies might
be caused by increases in tonic inhibition (or
other unknown trophic actions), not by boost-
ing synaptic inhibition. Unfortunately, there is
no evidence that tonic inhibition is increased at
2 wk following MGE transplantation, and the
more commonly used measurements of burst
frequency and duration in the 4-AP model
were not evaluated in this study. Additional con-
founding factors involved in measuring in vivo
field potential propagation power following
4-AP exposure in different animals and the
absence of clear correlations between burst ac-
tivity and cell number make the experiments
very difficult to interpret.

A series of follow-up studies have also tested
the efficacy of MGE cell transplantation in
other rodent models of neurologic disease. Be-
havioral improvement was reported after MGE
cell grafts targeting the neocortex (stroke; Daadi
et al. 2009), striatum (stroke; Daadi et al. 2009),
Parkinson’s disease (Martı́nez-Cerdeno et al.
2010), prefrontal cortex (schizophrenia; Tanaka
et al. 2011), hippocampus (schizophrenia; Gi-
lani et al. 2014), dentate gyrus (Alzheimer’s dis-
ease; Tong et al. 2014), and spinal cord (spinal
cord injury and neuropathic pain; Bráz et al.
2012). One of these studies also confirmed ear-
lier findings of enhanced synaptic inhibition
onto principal neurons following MGE trans-
plantation (Tong et al. 2014).

IN VITRO SOURCES OF INHIBITORY
CORTICAL INTERNEURONS

Because harvesting MGE from human fetal tis-
sue is an unlikely option for cell therapy in hu-
mans, generation of a transplantable population
of MGE-like interneurons from pluripotent
stem cells is ultimately necessary before trans-
lation to the clinic. To be successful, four key
obstacles of using stem-cell-derived GABA neu-
rons for epilepsy therapy must be overcome: (1)
the cell source should include a single, well-de-
fined cell type (i.e., MGE-like cortical interneu-
rons) and exclude mitotically active cells, which

can cause tumors in recipients, as well as other
cell types that might promote epileptic activity
(e.g., glutamatergic pyramidal neurons), (2)
GABAergic interneurons must be generated in
relatively high quantities, (3) the donor popu-
lation should behave in a manner that is similar
to endogenously born GABA progenitors fol-
lowing transplantation, and (4) the cells should
be safe, effective, and without undesirable side
effects.

The first attempts at generating cortical in-
terneurons from pluripotent stem cells focused
on mouse embryonic stem-cell (mESC) lines
(Watanabe et al. 2005; Danjo et al. 2011; Au et
al. 2013; Chen et al. 2013; Maroof et al. 2013;
Petros et al. 2013). These studies relied on small
molecule-based strategies to promote a ventral
telencephalic identity (e.g., by activating Sonic
Hedgehog [SHH] pathway) and precisely direct
mESCs toward the desired MGE-like cell fates.
When injected into the neonatal mouse cortex,
mESC-derived interneuron progenitors behave
in a manner that is similar to their endogenously
born counterparts (Maroof et al. 2013; Chen
et al. 2013); that is, they have migratory, neuro-
chemical, and electrophysiological features that
are comparable to MGE cells obtained from
mouse embryos. Because these differentiation
protocols do not produce cortical interneurons
in large numbers or high purity, most transplan-
tation studies have relied on fluorescence-acti-
vated cell sorting (FACS) to select for neural
progenitors expressing fluorescent proteins un-
der the control of forebrain- (Watanabe et al.
2005; Danjo et al. 2011) or MGE-specific
(Chen et al. 2013; Maroof et al. 2013; Petros
et al. 2013) genetic promoters. When specific
cortical interneuron lineages have not been sort-
ed before transplantation, they generally pro-
duced teratomas in recipient brains, and grafted
animals contained large populations of cells that
did not migrate away from the site of injection
(Germain et al. 2012; Maisano et al. 2012). It
may be possible to improve differentiation effi-
ciency by introducing transcription factors de-
velopmentally expressed in the MGE to help
guide embryonic stem cells (ESCs) into sub-
types of MGE-like cortical interneurons (Au
et al. 2013; Chen et al. 2013; Petros et al. 2013),
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but specific, pure populations of cortical inter-
neuron subtypes have not yet been generated in
vitro.

Using differentiation protocols modeled af-
ter mouse studies, several laboratories have also
attempted to produce MGE-like interneurons
from human ESCs (Goulburn et al. 2011; Ger-
main et al. 2013; Liu et al. 2013a; Maroof et al.
2013; Nicholas et al. 2013; Kim et al. 2014) and
human-induced pluripotent stem cells (iPSCs)
(Fig. 3) (Liu et al. 2013b). To enhance the pro-
duction of human MGE-like precursors, appli-
cation of SHH agonist and WNT signaling in-
hibitors in a differentiation cocktail is carefully
timed to progressively restrict the identity of the
stem cells and maintain a ventral telencephalic
identity in vitro. The most rigorous study to
date described conversion of human embryonic
stem cells (hESCs) into MGE-like precursors
using high concentrations of the ventraliz-
ing factor, SHH (Liu et al. 2013a). Following

bilateral transplantation into the adult mouse
hippocampus (without cell sorting), �75% of
the grafted cells expressed bIII-tubulin (neu-
rons), with 45% expressing GABA by 6 mo
(SST- and PV-positive subtypes were also de-
tected). Although promising, cell migration
was extremely limited, and cell types also in-
cluded populations of astrocytes and choliner-
gic neurons.

Three other studies have taken advantage of
an hESC line, in which GFP was inserted into
the Nkx2-1 locus to facilitate identification of
ventral forebrain progenitors (Goulburn et al.
2011; Maroof et al. 2013; Nicholas et al. 2013).
Nkx2-1 is a homeodomain transcription factor
enriched in embryonic MGE of mouse and hu-
man, as well as in thyroid, lung, and diencepha-
lon. Although slightly different cocktails were
used in each protocol, all produced a heteroge-
neous group of cells that included a population
of neurons expressing markers of GABAergic

20 mV

100 μm 100 μm

A B

C

200 msec

9 wk 15 wk 15 wk

Figure 3. Human neurons derived from pluripotent stem cells. (A) Human-induced pluripotent stem-cell
(iPSC) colony that is ready for passage. (B) Human iPSC-derived neurons with pyramidal- (red arrow) and
bipolar-like (blue arrows) morphologies. Growth cones can be clearly seen for two neurons (black arrows). (C)
Electrophysiological responses of pluripotent stem-cell-derived neurons to hyperpolarizing and depolarizing
current injections from a holding potential of –60 mV at 9 wk and 15 wk in culture. Although neuronal
morphologies can be observed within days of starting differentiation protocols, mature physiological properties
take several weeks to develop.
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interneurons. Some of the hESC-derived inter-
neuron precursors were capable of tangential
migration from MGE to the cortex in embryonic
mouse forebrain slices (Maroof et al. 2013), but
migration was extremely limited even 6 mo after
transplantation into the neonatal mouse neo-
cortex (Nicholas et al. 2013), with the large ma-
jority of cells remaining at the sites of injection
and a very long time course for differentiation
into mature neurons. Interestingly, one study
also appeared to generate a population of excit-
atory pyramidal neurons from Nkx2-1-GFP
neural progenitors (Nicholas et al. 2013), which
normally derive from the dorsal telencephalon.
Although the presence of hESC-derived gluta-
matergic neurons or circuits was not directly
evaluated in the cultures, neurons with pyrami-
dal-like morphologies were clearly generated.
When the resulting neural progenitors were la-
beled with channel rhodopsin (ChR2) and then
cocultured with cortical cells dissociated from
the human fetus, which were not labeled, photo-
stimulations evoked polysynaptic bursts of in-
hibitory currents at a time point when hESC-
derived neurons displayed mature physiological
properties. These findings are consistent with
photoactivation of recurrent excitatory circuits
driving inhibition in the culture (Miles and
Wong 1983, 1987; Miles et al. 1986; Hunt et al.
2010).

One of the more fascinating findings that
emerged from these studies is that neurons of
the embryonic mammalian forebrain appear
to follow intrinsic, species-specific developmen-
tal programs that control their rate of matura-
tion. For example, in the mouse, most cortical
neurons are mature �4–6 wk after their pro-
duction. However, in the human, gestation is
much longer, and human cortical neurons
derived from pluripotent stem cells follow a
similar protracted maturation that reflects the
normal development of endogenous neurons
born into the embryonic human forebrain
(i.e., they require 15–20 wk to obtain mature
physiological properties). These features might
explain why hESC-derived neurons have only
limited expression of mature neuronal markers
and properties in manystudies. Thus, derivation
of cortical neurons from human stem-cell

sources may provide an excellent opportunity
for modeling some of the aspects of human neu-
ral development and creating neurons of living
patients that can be studied “in a dish” (i.e.,
via iPSCs), but the protracted development pe-
riod of human cortical neurons may be prob-
lematic for epilepsy cell therapy. Further study is
needed to better define ways that accelerate hu-
man interneuron differentiation, as the rate of
maturation may also be cell-line specific or de-
pend on culture conditions (Fig. 3) (Maroof
et al. 2013).

CONCLUDING REMARKS

Engineering neural circuits in living animals has
enormous potential to lead to new therapies
for many intractable brain disorders, including
epilepsy. In the last 15 years, a number of ex-
citing discoveries in the field of regenerative
medicine have revealed how an effective inter-
neuron-based stem-cell therapy might be used
in the future to treat human epilepsy. MGE-like
GABA progenitors are especially promising can-
didates for cell therapy, at least in mice, because
they can be broadly distributed within spatially
restricted brain regions using a single injection.
However, before interneuron transplantation
can be evaluated for efficacy in humans, it will
likely be necessary to generate pure populations
of MGE-like GABA neurons from human stem
cells that are suitable for transplantation and
that behave similarly to natural-born progeni-
tors of embryonic mouse MGE. This means that
grafted cells should (1) migrate long distances
away from the injection site, (2) achieve .90%
differentiation into functionally mature MGE-
like inhibitory cortical interneurons (i.e., PV,
SST, and nNOS subtypes), (3) selectively en-
hance inhibition to principal neurons, and
(4) be safe, effective, and not tumorigenic. It
is likely that achieving this goal will require sub-
stantial advances in stem-cell biology aimed
at directing the differentiation of human plurip-
otent stem cells toward specific interneuron
lineages without need for cell sorting, accelerat-
ing their maturation, and/or possibly enhanc-
ing their migratory capabilities following trans-
plantation.
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