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Opposing Phenotypes in Dravet Syndrome Patient-
Derived Induced Pluripotent Stem Cell Neurons: Can
Everyone Be Right?

A Deleterious Nav1.1 Mutation Selectively Impairs Telencephalic Inhibitory Neurons Derived From Dravet
Syndrome Patients.

SunY, Pasca, SP, Portmann, T, Goold C, Worringer KA, Guan W, Chan KC, Gai H, Vogt D, Madison DV, Hallmayer J, Froehlich-
Santino WM, Bernstein JA, Dolmetsch RE. eLife 2016;5:e13073.

Dravet Syndrome is an intractable form of childhood epilepsy associated with deleterious mutations in SCNTA, the
gene encoding neuronal sodium channel Na,1.1. Earlier studies using human induced pluripotent stem cells (iPSCs)
have produced mixed results regarding the importance of Na,1.1 in human inhibitory versus excitatory neurons. We
studied a Na,1.1 mutation (p.S1328P) identified in a pair of twins with Dravet Syndrome and generated iPSC-derived
neurons from these patients. Characterization of the mutant channel revealed a decrease in current amplitude and
hypersensitivity to steady-state inactivation. We then differentiated Dravet-Syndrome and control iPSCs into telen-
cephalic excitatory neurons or medial ganglionic eminence (MGE)-like inhibitory neurons. Dravet inhibitory neurons
showed deficits in sodium currents and action potential firing, which were rescued by a Na,1.1 transgene, whereas
Dravet excitatory neurons were normal. Our study identifies biophysical impairments underlying a deleterious Na, 1.1

mutation and supports the hypothesis that Dravet Syndrome arises from defective inhibitory neurons.

Commentary

Dravet syndrome (DS) is a catastrophic pediatric epileptic
encephalopathy with cognitive, behavioral, and motor impair-
ments, as well as a high risk of sudden unexpected death in
epilepsy (SUDEP). The majority of DS patients have de novo
mutations in SCNTA, the gene encoding the a subunit of the
voltage-gated sodium channel Na,1.1, that result in haploin-
sufficiency (1). While the field has made key advances toward
the goal of understanding how reduced expression of a major
brain sodium channel gene results in hyperexcitability and
network synchrony, critical gaps remain. Importantly, what is
the best experimental model of DS and how do we interpret
seemingly conflicting results between and within model
systems?

The first model of DS was developed by the Catterall
group (2). Scnla deletion in mice resulted in a severe seizure
phenotype in heterozygous animals and was the first in
vivo confirmation that Scn1a haploinsufficiency resulted in
seizures. In this study, postnatal day (P) 14-16 Scn1a*” bipo-
lar neurons—but not pyramidal neurons—had significantly
reduced sodium current density, resulting in reduced inter-
neuron firing frequency. Further work showed that DIx1/2 Cre-
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mediated inactivation of Scnia in parvalbumin-positive (PV+)
interneurons phenocopied the severe seizures and SUDEP (3).
Based on these results, it was hypothesized that pathophysiol-
ogy in DS could be explained by disinhibition, or dysfunctional
inhibitory circuits, that involve PV+ fast-spiking interneurons.
Kearney and George extended this work to demonstrate, first,
that genetic background is key to the severity of pathophysiol-
ogy in DS mouse models, and, second, that changes in sodium
current density are dependent on the stage of brain develop-
ment in mice. They reported that sodium current density was
elevated in Scn1a*” pyramidal neurons, but not GABAergic
neurons, at P21-24. Moreover, pyramidal neurons isolated
from Scn1a*” mice on the more phenotypically severe back-
ground strain displayed a larger increase in sodium current
density than pyramidal neurons from the less severe strain.
Scnla™ P21-24 pyramidal neurons from either strain exhibited
spontaneous firing and hyperexcitability. To add further com-
plexity, more recent results demonstrated that, while interneu-
ron hypoexcitability is observed in Scn1a” mouse brain slices,
it is not observed in Scn1a™* DS mice during spontaneous
activities in vivo, suggesting that alternative mechanisms must
be considered (4).

Clearly, transgenic mouse models are critical to under-
standing the mechanisms of neurological disease. However,
mice are not small humans, and there are important differenc-
es between mouse and human brain development (5, 6). To
understand the mechanism of DS in human brain, a number of
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TABLE 1. Summary of DS Patient Derived iPSC Neuron Phenotypes

Citation

Liu et al
2013 (9)

Liu et al
2013 (9)

Jiao et al
2013 (10)

Higurashi
etal 2013
(11)

Liu et al,
2016 (12)

Sun et al
2016

DS patient
mutation
information

IVS144+3A>T

Splice site mutation
resulting in
haploinsufficiency

c.975T>A
Nonsense
mutation resulting
in premature
termination and
haploinsufficiency

F1415] missense
mutation

c.4933C>T
(p.R1645X)
mutation resulting
in premature
termination and
haploinsufficiency

c.A5768G

Mutant cDNA
results in little to
no sodium current
when expressed in
heterologous cells

p.S1328P missense
mutation.
Heterologous
expression in
human NgN2
neurons results in
hyperpolarizing
shifts in activation
and inactivation and
decreased sodium
current density.
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Neuronal differentiation

1. Forebrain pyramidal
morphology, plated without
astrocytes.

2. Forebrain CB+, CR+, PV+,
or SST+ neurons with bipolar
morphology, plated without
astrocytes.

1. Forebrain pyramidal
morphology, plated without
astrocytes.

2. Forebrain CB+, CR+, PV+,
or SST+ neurons with bipolar
morphology, plated without
astrocytes.

Glutamatergic differentiation
or direct neuronal conversion,
plated with astrocytes.

Calretinin+ or SST+ GABAergic
neurons plated without
astrocytes. No PV+ neurons
detected. Developmental
origin not reported.

GABAergic neurons with iSP-
astrocytes present in culture.
Glutamatergic neurons present
but not analyzed. Developmental
origin and GABAergic neuronal
subtypes not reported

1. Telencephalic excitatory
neurons plated with astrocytes.
Fluorescence indicators to
indicate neurons

al maturity.

2. Telencephalic (MGE) CR+ and
SST+ inhibitory neurons plated
with astrocytes. Fluorescence
indicators to indicate neuronal
maturity. No PV+ neurons
detected.

Changesin
excitability

Increased

Increased

Increased

Increased

Increased

Decreased

Decreased

No change

Decreased

Changesin
sodium current

Increased
current density

Increased
current density

Increased
current density

Increased
current density

Increased
sodium current
amplitude, but
sodium currents
not isolated from
families of inward
and outward
currents.

Not measured

Decreased
sodium current
density, but
poor voltage
control.

No change

Decreased

Changes in sodium
current voltage
dependent
properties

No change

No change

No change

No change

Depolarizing shift
in inactivation, but
sodium currents not
isolated.

Not measured

Depolarizing shift in
current activation, but
poor voltage control.

No change

No change

CB, calbindin; CR, calretinin; MGE, medial ganglionic eminence; CGE, caudal ganglionic eminence; NgN2, neurogenin; PV,
parvalbumin; SST, somatostatin.
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groups set out to model DS using patient-derived induced plu-
ripotent stem cell (iPSC) neurons. This remarkable technique
allows the study of DS mutations in native cells in the context
of the patient’s unique genetic background. In addition, iPSCs
have the potential to generate all human neuronal subpopula-
tions. In spite of this, results obtained by different groups using
this powerful technique are as inconsistent as those gleaned
from the mouse models. Table 1 summarizes DS patient iPSC
neuron results to date. Similar to the mouse results, changes in
neuronal excitability and sodium current density appear to be
dependent on a number of critical factors that likely include
the patient’s genetic background, the specific mutation tested,
the method of differentiation, and the developmental maturity
of the neurons.

Importantly, interpreting the significance of electrophysi-
ological recordings from single iPSC interneurons in terms
of network excitability requires a detailed understanding of
interneuron identity. Our knowledge of interneuron diversity
and origins has significantly advanced since the development
of the first DS mouse model. GABAergic interneurons have
been classified into a variety of subpopulations with distinct
embryonic origins, targets, and functions (7). For example,
of the telencephalic GABAergic interneurons studied by
Sun et al., 50% were calretinin+ (CR+), with a small percent-
age expressing somatostatin (SST). Importantly, none of the
neurons were PV+. Action potential firing properties shown
for these neurons are consistent with a CR+ regular-spiking
nonpyramidal cell designation. These data suggest that the
differentiation protocol may have enriched for GABAergic CR+
interneurons with a caudal (CGE), rather than medial (MGE),
ganglionic eminence origin. MGE-derived interneurons are pri-
marily PV+ and SST+, with a minor population of CR+ (7). CR+
interneurons, which are primarily derived from the CGE, are
considered to be interneuron-specific interneurons (8). Thus,
reduced sodium current density and reduced firing in these
interneurons would be predicted to functionally result in the
loss of inhibitory tone onto other inhibitory neurons, allowing
for an overall increase in inhibition of excitatory neurons. This
would lead to decreased network excitability and a decreased
propensity toward seizures—the opposite of DS—and would
be inconsistent with mouse data demonstrating that Cre-
mediated inactivation of Scn1a in PV+ interneurons, which
primarily target excitatory neurons, results in epilepsy (3).

Neuronal maturity plays a factor in iPSC neuron electro-
physiology results. iPSC neurons described in earlier work (9)
were less mature and had smaller sodium current densities
than reported in more recent papers using newer differentia-
tion protocols. Also, in contrast to the Sun et al. paper, the
2013 Liu et al. study did not include astrocytes, which enhance
neuronal maturity. While sodium current densities reported in
the Sun et al. study are more in line with results expected from
acutely dissociated mouse brain neurons, they may not have
been fully mature. The firing rates reported for interneurons
and excitatory neurons in this study appear to be similar, while
fully mature interneurons would be expected to have higher
firing frequencies.

In spite of the caveats and controversies associated with
the use of iPSC neurons, all of the studies described in Table
1 provide important information regarding DS mechanisms.
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Itis reasonable to propose that a pediatric epileptic encepha-
lopathy like DS may involve differential excitability changes

in diverse neuronal subpopulations within a given network at
multiple developmental time points. Each study may cap-
ture specific neuronal subpopulations at key stages of brain
development. The immaturity of iPSC neurons may be useful
for understanding the effects of sodium channel mutations on
the prenatal brain. For example, during critical early develop-
mental periods when GABAergic signaling results in neuronal
depolarization rather than hyperpolarization, the interpreta-
tion of changes in interneuron and pyramidal sodium current
density in terms of neuronal excitability and network synchro-
ny takes on a distinct perspective. It is interesting to consider
that the functional effects of DS mutations on sodium chan-
nels may change over the lifetime of a given neuron, depend-
ing on the expression time course of other channels, receptors,
and signaling molecules. Mutant sodium channels may also
differentially affect excitability in subcellular compartments,
for instance, axon initial segment, cell body, or dendrites, of
the same neuron.

In conclusion, the iPSC field is moving at lightning speed.
Emerging methods to generate MGE-derived PV+ fast-spiking
interneurons, brain organoids, and cortical spheroids will allow
sophisticated analyses of specific neuronal subpopulations
and network properties. Continued advancement of this fas-
cinating technology will be essential to discovering epilepsy
cures through precision medicine.

by LoriL.Isom, PhD
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