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Once the zygote has formed by the fusion of the sperm
cell with the oocyte, the early embryo quickly races through
development, thereby gaining and losing several stages and
types of stem cells. Only stem cells until the morula stage
(∼16–32 cell stage) are called totipotent which means the
ability to form a complete, new organism. In contrast, the
famous embryonic stem cell derived from the inner cell
mass (embryoblast, ICM) exhibits pluripotency, resembling
the differentiation capacity to form all cells of the organism,
besides the extraembryonic structures when transplanted.
These characteristics can also be found in the set-aside
germline stem cells. Subsequently, after the formation of the
three germ layers during gastrulation, germ layer stem cells
are responsible for the generation of cells from the respective
germ layer until gaining full functionality in the mature tissue
network. The mature organism is full of various adult stem
cells, also referred to as tissue-specific stem cells, which are
mostly responsible for the cell turnover and regeneration in
tissues.

Ion channels are represented by numerous families of
pore forming structures which allow for the exchange of
ions between the intra- and extracellular spaces or between
the cytoplasm and organelles. These channel molecules vary,
among others, in their ion specificity and conductance,
their gating mechanisms, their subunit conformation, their
downstream signaling including modulation of/by interact-
ing molecules, or their expression profiles. Although ion
channels have been thoroughly investigated in mature tissues
and cells, their roles during development have remained
elusive. Nevertheless, during recent years, it has become more
and more evident that ion channels are involved in various

cellular mechanisms during development, including germ
layer generation, cell fate determination, migration, and stem
cell differentiation. Moreover, the voltage gradients produced
by several families of ion channels serve as instructive cues
for positional information and organ identity during mor-
phogenesis having been implicated in left-right asymmetry,
craniofacial patterning, eye induction, and other roles in a
range of model systems. Interestingly, not only the “simple”
conductance of ions through biological membranes, but also
the modulation of downstream signaling cascades linking
bioelectrical events to changes in cell behavior is part of ion
channel activity. Of note, many of these ion channel-mediated
mechanisms are conserved throughout phylogenesis.

To this end, we have selected a series of beautiful studies,
which have investigated the role of ion channels within the
development and stem cell differentiation. This includes not
only relevant developmental model organism such as the
Xenopus laevis, Macrostomum lignano, or the zebrafish, but
also the whole spectrum of different stem cell populations
being relevant to study differentiation.

D. Simanov and colleagues describe and discuss the role
of ion channels during regeneration in the nonvertebrate
flatworm Macrostomum lignano. They establish this animal
as a versatile model organism for addressing these topics.
They discuss biological and experimental properties of M.
lignano, provide an overview of the recently developed exper-
imental tools for this animal model, and demonstrate how
manipulation of membrane potential influences regeneration
in M. lignano. The authors show that modulation of ion
channels in the worm greatly influences the regeneration
of tissues and development of head-associated structures.
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These findings implicate that distinct ion channels and ion
current adjustments are involved in the developmental events
of invertebrates, making them an interesting model to study
ion channel-mediated mechanisms throughout regeneration.

Going further in phylogenic evolution, V. P. Pai et al.
provide evidence that ion channel-driven resting potential
differences in key cell groups underlie consistent left-right
patterning of neural tissues and organs in the developing
Xenopus larvae. They show that the striking hyperpolariza-
tion of transmembrane potential demarcating eye induction
usually occurs in the right eye field first. This asymmetry
is randomized by perturbing pathways that regulate left-
right patterning of the heart and visceral organs, suggesting
that eye asymmetry is linked to mechanisms establishing
primary laterality. Bilateral misexpression of a depolarizing
channel mRNA affects primarily the right eye, revealing
an additional functional asymmetry in the control of eye
patterning. Further, they describe that the ATP-sensitive K+

channel subunit transcript, SUR1, asymmetrically expressed
in the eye primordia is a good candidate for the observed
physiological asymmetries.

M. Keßler et al. provide an overview of the current
knowledge from the zebrafish about ion channels and heart
development. In that model, it has been observed that certain
channel proteins such as scn5Laa and scn5Lab (representing
the mammalian gene SCN5A), encoding a voltage-gated
sodium channel, are not only present in the functional
myocardium, but also are expressed in the developing heart
during early embryonic stages. Indeed, the respective genes
in mice or fish recapitulate these expression data as both
in mammals and fish specific knock-down experiments
lead to developmental defects of the heart. Interestingly,
experiments indicate that the voltage-gated sodium channel
exerts influence on cardiac development independent of ion
flux. Furthermore, calcium channels which comprise differ-
ent pore forming subunits are responsible for proper heart
development as the pore-forming 𝛼1C subunit as well as the
modulatory cytoplasmic 𝛽2.1 subunit specifically influences
heart development in zebrafish. Finally, the authors discuss
other ion channels and exchangers that are also involved in
heart development such as the Sodium-Calcium-Exchanger,

Ca2+-ATPase, Na+/K+-ATPase, and potassium channels.
The review of S. A. Becchetti Pillozzi et al. overviews

the knowledge about the cell physiology of ion channels,
especially of hematopoietic stem cells and one of their sub-
populations, the mesenchymal stem cells (MSCs). It is already
known that stem cells express a variety of ion channels,
implicated in numerous cellular processes. This includes, for
example, volume and resting potential oscillations accom-
panying the cell cycle. Other ion channel types control cell
anchorage with the stromal matrix and cell migration as well
as release of paracrine growth factors. Nevertheless, analyses
of ion channel expression in MSCs seem to be highly varying.
This may be an indication for several different populations in
the cultures or cells at different cellular stages, respectively.

M. Yamashita summarizes the mechanisms by which
calcium ion fluctuations modulate the characteristics and
behavior of neuroepithelial neural stem cells. In this respect,

several channel proteins involving calcium channels, ligand-
gated ion channels, and sodium and potassium channels
mediate an ion equilibrium of the membrane and even the
nuclear envelope. Calcium is thereby able to influence electric
coupling of neighbored cells and is involved in the cell cycle
by influencing DNA-synthesis during the S-phase.

The influence and role of large pore channels on neural
stem cells (NSCs) and progenitor cells (NPCs) of the sub-
ventricular zone of the brain are summarized by L. E. Wicki-
Stordeur and L. A. Swayne. They bring together knowledge
about the interplay and individual functions of certain
connexins, aquaporins, and pannexins in this cell system.
Interestingly, these large pore channels do not only allow the
passage of ions, but also mediate the highly controlled move-
ment of small molecules. This, in turn, influences numerous
cellular mechanisms such as adult neurogenesis. These pore-
protein complexes, their regulation, and functions seem to be
intimately connected and mediate cytoskeletal interactions,

Ca2+ signaling, transcriptional regulation, ATP flux, and cell-
cell communication between ventricular zone NSC/NPCs.

J. Aprea and F. Caligari summarize the current knowledge
on the role of ion channels and pumps in the context
of mammalian corticogenesis with particular emphasis on
their contribution to the switch of neural stem cells from
proliferation to differentiation and generation of more com-
mitted progenitors and neurons, whose lineage during brain
development has been recently elucidated. They conclude
that although several studies have, for example, depicted
an influence of the membrane potential and ion currents
on neural stem/progenitor cell proliferation, it is remaining
elusive at what degree these in vitrofindings may be translated
to the in vivo situation.

The review article of M. Müller et al. sheds light on the
various cardiac, developmental defects, which are mediated
by the dysfunction or loss of distinct ion channels and finally
lead to the distinct forms of long QT syndrome. During
many years, numerous genetic defects have been investigated
with the help of mouse models. Since the initial report
on the generation of induced pluripotent stem cells that
can be gathered from almost every individual, a human in
vitro “model” has emerged. Therefore, this review highlights
the respective stem-cell-based studies which investigate the
underlying pathomechanisms and frequently show a pre-
dicted cellular behavior mimicking long QT syndrome.

Using human-induced pluripotent stem cells, L. Linta
et al. compare a large number of ion channels and their
subtypes which undergo differential expression starting from
the initially used somatic cell further to the reprogrammed
iPS cell and finally to the differentiated progeny, neurons
and cardiomyocytes. This transcriptome array-based study
depicts most of the commonly known ion channel families
and subunits to draw a starting line for the study of ion
channels in, for example, stem cells. Of note, numerous ion
channel subtypes are highly upregulated after the process
of reprogramming leaving iPS cells with a large number of
expressed ion channels, at least on mRNA levels.

A. Illing et al. give insights into the differentially regulated
expression patterns of an ion channel family known for its
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influence on stem cell differentiation towards the cardiac lin-
eage. Here, they show the regulation of SK channel expression
(small/intermediate conductance, calcium-activated potas-
sium channels) during endodermal differentiation of human
iPS cells. The authors not only provide a very robust protocol
for the differentiation of human iPS cells into definitive
endoderm cells, but also show that SK channels are highly
regulated during this process.

Together, these papers give an overview of an important
emerging field. The synthesis of information on the genetics
of individual channels with endogenous roles in cell regu-
lation and the developmental biophysics that highlights the
importance of resting potential for directing cell behavior,
have exciting implications for basic biology and biomedicine
of stem cell function.

Stefan Liebau
Alexander Kleger

Michael Levin
Shan Ping Yu
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The generation of induced pluripotent stem cells (iPS cells) has pioneered the field of regenerative medicine and developmental
biology. They can be generated by overexpression of a defined set of transcription factors in somatic cells derived from easily
accessible tissues such as skin or plucked hair or even human urine. In case of applying this tool to patients who are classified into a
disease group, it enables the generation of a disease- and patient-specific research platform. iPS cells have proven a significant tool
to elucidate pathophysiological mechanisms in various diseases such as diabetes, blood disorders, defined neurological disorders,
and genetic liver disease. One of the first successfully modelled human diseases was long QT syndrome, an inherited cardiac
channelopathy which causes potentially fatal cardiac arrhythmia. This review summarizes the efforts of reprogramming various
types of long QT syndrome and discusses the potential underlying mechanisms and their application.

1. Introduction

“Inherited long QT syndrome” comprises a group of chan-
nelopathies that cause a delayed repolarization of the heart
leading to an increased risk of malignant ventricular tachy-
cardias, in particular torsade de pointes, that imply the risk
of a fatal cardiac arrest. Several attempts have been made to
estimate the prevalence of long QT syndromes in the past,
while older studies quantify the prevalence between 1:20000
and 1:5000. The latest analysis by Schwartz et al. provides
evidence for a higher prevalence close to 1:2000 in a Cau-
casian population [1]. It is assumed that up to 30% of sudden
unexpected deaths in infants are caused by different forms
of long QT syndromes (LQTS). These data also implicate
that most cases of the LQTSs are diagnosed when they
become clinically apparent in an individual or his/her family.
Subclinical forms of LQT syndrome can become apparent
under the influence of various drugs with QT elongation
capability [2].

Ion channels represent a large group of pore proteins
regulating ion efflux from the inner cell to the extracellular
compartment or vice versa, thereby inducing changes in the
membrane potential. Activity is mainly regulated either by

voltage or by certain ligands. Thereby, a variety of ion currents
are regulated in various tissues. Sodium, potassium, and cal-
cium channels are the primary representatives of ion channel
families in the human heart. A complex interplay of certain
ion fluxes in a defined sequence operates the cardiac action
potential. Thus, it is not surprising that slight mutations
can disturb the ion pore structure, leading to changes in
the currents’ biophysical properties. Severe arrhythmia and
eventually sudden cardiac death are the worst consequences.
Those mutations causing human disease are so-called cardiac
channelopathies. Different channelopathies are forming a
basis of QT interval elongation, thereby increasing the sus-
ceptibility of electrophysiological deregulation of cardiomy-
ocytes, particularly by decreasing the cardiomyocytes’ ability
of accurately timed repolarization. The myocardial action
potential can be divided into 4 phases as follows (Figure 1):
the primary depolarization in ventricular cardiomyocytes is
characterized by a rapid increase of membrane conductance
by Na+ channel (hNav1.5 channel, encoded by the SCN5A
gene) opening (phase1), followed by a light decrease of
depolarization by subsequent opening of a special type of
transient outward K+ channel (Kto), which causes a short-
lived, hyperpolarizing outward K+ current (𝐼Kto). In a second
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Figure 1: Schematic delineation of the cardiac action potential—resting “4,” upstroke “0,” early repolarization “1,” plateau “2,” and final
repolarization “3.” Inward currents: 𝐼Na and 𝐼Ca. Delayed rectifier currents: 𝐼Kr, 𝐼Ks. Inward rectifier currents: 𝐼K1, 𝐼Kach. Adapted from
[3]: (a) normal cardiac action potential. Different currents are allocated to their chronology in the AP course. Ion channel genes are
written semitransparent. (b) Different LQTSs are shown in relation to their distinct ion current causative for the indicated syndrome.
Overactivation/reduction of different currents leads to a significant elongation of the action potential.

phase, rapid repolarization is—in contrast to for example,
neurons—impeded by a slow calcium influx (𝐼Ca,L). Finally,

repolarization is reached after closure of Ca2+ channels and
when K+ (and therefore 𝐼K) increases, along with the inacti-

vation of Ca2+ channels. Delayed rectifier K+ currents 𝐼Kur,
𝐼Kr, and 𝐼Ks are slowly activating outward currents that play
major roles in the control of repolarization. The deactivation
of these channels is sufficiently slow so that they contribute
outward current throughout phase 3 repolarization. Phase
4, or the resting potential, is stable at ≈−96 mV in normal
working myocardial cells and held up mainly by two inward
rectifier channels 𝐼KAch and 𝐼K1.

Mutations in long QT syndromes are consistently result-
ing in a relative increase of depolarizing currents against
repolarizing ones (Figure 1). This results in two arrhythmia-
promoting situations: (i) channels that remain depolarized
for extended periods lead to increased refractory period, thus
leading to areas of functional blocking which act as a reentry
spot for ectopic excitation; (ii) as the elongation of action
potential differs between epicardial (outer) and more endo-
cardial (inner) cardiomyocytes, this may also promote the
generation of functional reentry circles [2]. To date, 13 types
of long QT syndromes are distinguished. Long QT syndromes
are inherited either autosomal dominant or recessive with
the recessive ones mostly having a more severe phenotype.
Nonetheless, the penetrance in most long QT syndromes
differs; as a consequence, there are individuals with mutations
without any clinical appearance [4].

Upon expression of a defined set of transcription factors
in somatic cells, iPS cells can be generated from virtually
every type of tissue. The first human iPSCs were generated
independently in 2007 by the Yamanaka [5] and the Thomson
Laboratory [6]. Their unique features of unlimited self-
renewal and nonrestricted differentiation power define a
landmark in the context of understanding human develop-
ment and disease [7–9]. More precisely, in case of applying

this tool to patients who are classified into a disease group, it
enables the generation of disease-specific iPS cells. iPS cells
have proven a significant tool to elucidate pathophysiological
mechanisms in various diseases such as diabetes, blood
disorders, defined neurological disorders, and genetic liver
disease [10–12]. iPS cells enable the dissection of monogenic
human disease [13] mechanisms as well as mechanisms of
genetically complex human disorders such as schizophrenia
[14]. This opens promising perspectives both for the screen-
ing of innovative “druggable” targets [15] and ex vivo gene
targeting therapies [13]. Moreover, a series of studies have
successfully dissected a wide range of morphological and
electric cardiac disease using patient-specific iPS cells as a
model system [16–20]. In 2008, Mauritz et al. were the first to
measure an AP from hiPSCs [21], followed by the first disease-
specific study modelling LEOPARD syndrome [22]. Here,
we summarize the current effort to model “electrical human
cardiac disease” caused by channelopathies finally leading to
LQT-syndromes: LQT1, LQT2, LQT3, and LQT8 (Table 1).

2. Modelling LQ Type 1 Syndrome

2.1. Pathophysiology. The highest incidence of all LQT syn-
dromes is accredited to LQT1. It is characterized by clinical
symptoms like adrenergic-induced torsade de pointes tachy-
cardia, syncope, and effectiveness of 𝛽-adrenergic antago-
nistic “𝛽-blocker” treatment. LQT1 accounts for about 50
percent of all genotyped patients with LQTs. Gene muta-
tions in both KCNQ1 and KCNE1 lead to LQTS1. Thus,
the myocardial sensitivity to catecholamine stimulation is
increased by 𝐼Ks reduction. As 𝐼Kr (rapid component of the
delayed rectifier current) can maintain normal duration of
action potentials, LQT1 is often concealed. In those patients,
the intake of 𝐼Kr blocking drugs or hypokalaemia can lead to
a burst of torsade de pointes by triggering a QT prolongation
[4, 23]. 𝐼Ks reduction leads to transmural dispersion of
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Table 1: Current iPS cell-based models for long QT syndromes.

LQTS
subtype

Gene
mutation

Protein iPSC-C model

LQTS1 KCNQ1 Alpha-subunit of the delayed rectifier (slow) potassium channel (𝐼ks) Moretti et al., 2010 [25]

LQTS2 HERG Alpha-subunit of the delayed rectifier (rapid) potassium channel (𝐼kr)
Itzhaki et al., 2011 [15], Matsa et al., 2011 [26],
Lahti et al., 2012 [27]

LQTS3 SNC5A Alpha-subunit of the cardiac sodium channel Malan et al., 2011 [28], Davis et al., 2012 [17]

LQTS8 CACNA1c Alpha-1c-subunit of the L-type calcium channel Yazawa et al., 2011 [20]

repolarization in the left ventricular wall; this dispersion may
even be amplified by adrenergic stimulation as the resulting
shortening of the action potential is emphasized in the
epicardium and decreased in the midmyocardium [24]. This
explains effectiveness of 𝛽-adrenergic blockade in LQT1.

2.2. The Model. Moretti et al. were the first group to pub-
lish a hiPSC model for LQTS. Moretti and her cowork-
ers used fibroblast-derived iPSCs from two asymptomatic
patients (father and son) with a KCNQ1-G569A mutation
and cells from healthy controls. Differentiation of iPSCs
was performed after embryoid body formation and conse-
quent selection of areas of spontaneous contraction (indica-
tive of cardiac differentiation). Finally, several different types
of action potentials (atrial, nodal, and ventricular) were dis-
tinguished. Delayed rectifier currents were measured in spe-
cific ventricular-like cells: the cardiomyocytes (CM) derived
from patient-specific LQT1 iPS cells showed reduced 𝐼Ks peak
and tail current densities, whereas 𝐼Kr conductance appeared
to be regular. APs of both atrial-like and ventricular-like
hiPSC-CMs were significantly prolonged within in the LQT1
patient group compared to control cells. Only pacemaker-like
cells showed no significant differences in AP periods. In 6 out
of 9 LQT1-iPSC-CMs early afterdepolarisation (EAD)—as a
proarrhythmogenic predicate—could be triggered by treat-
ment with isoproterenol. No EADs could be triggered in
WT-iPSC derived cardiomyocytes. The proarrhythmic effect
of isoproterenol could be antagonized by admittance of 𝛽-
blockers [25]. Thus, basic features of adult LQT-CMs could
be reproduced.

3. Human iPS Cells Generated from
Long QT Type 2 Syndrome

3.1. Pathophysiology. Next to LQTS1, LQTS2 represents the
second most frequent genotype of LQTSs. About 40% of
LQTS patients show aberrations in LQT2-associated gene
locus for KCNH2 encoding the 𝛼-subunit of the 𝐼Kr channel,
linked to chromosome 7 [29]. Reduction of 𝐼Kr slows and
decelerates repolarization and, again, increases transmural
dispersion by prolonging the action potential preferentially
in the midmyocardium. A characteristic property of LQT2
is a faculty of arrhythmia induction by acute sympathetic
activation like loud noise, anger, or other forms of emotional
stress. These stimuli can acutely prolong the action potential
and finally cause an enhancement of transmural repolariza-
tion heterogeneity. As bradycardia can also reduce 𝐼Kr and,

thus, lead to a delay of repolarization, arrhythmias can be
triggered by both catecholaminergic-induced tachycardias
and bradycardias. 𝛽-blockers can reduce the overall amount
of cardiac events in LQT2 patients but they induce more
cardiac events compared to the LQT1 collective [30–33].
On the other hand, LQT2 can be treated with controlled
potassium supply as this leads to a reduction of QT dispersion
and shortened QT intervals in those patients.

3.2. The Model. First to report an iPSC-model of LQT2 were
Itzhaki et al. in 2011 [15]. A patient- and disease-specific
human iPSC line was generated from an individual with an
A614 missense mutation in the KCN2 gene leading to LQT2,
and cardiomyocytes were subsequently generated from those
cells. Similar to the work previously published by Moretti
et al. [25], three types of action potential morphologies
were recorded from control- and LQTS iPSC-CMs: atrial-,
nodal-, and ventricular-like, characterized by AP morphol-
ogy. LQT2-derived cardiomyocytes showed marked prolon-
gation of the action potential duration (APD). This prolonga-
tion persisted at different rates with external electrical stim-
ulation. The LQT2 phenotype could even be recapitulated in
control iPSC lines by pharmacologic inactivation of the 𝐼Kr

current with a specific blocker (E-4031). Single-cell voltage
clamp studies identified the presence of an E4031-sensitive
current (𝐼Kr) in control human iPSC-CMs. Peak amplitudes
of the 𝐼Kr activation currents in LQTS cardiomyocytes were
found to be significantly lower than in control cells. Even
at multicellular level, the hiPSC-CMs produced a significant
longer APD when compared to control cells. EADs could
be found in both the atrial-like and ventricular-like LQT2
iPSC-CMs. APD prolongation could even be increased by E-
4031 and cisapride in these cells. Moreover, Itzhaki et al. used
their LQT2 iPSC-CMs as a platform for drug screens with a

Ca2+ blocker (nifedipine), a KATP-channel opener (pinacidil),
and a Na+− channel blocker (ranolazine). While nifedipine
and pinacidil led to a significant shortening of the APD
and could completely abolish triggered arrhythmias in LQT2
iPSC-CMs on multicell level, ranolazine reduced triggered
arrhythmias but had no influence on APD, probably because
of its nonspecific blocking effect on various ion channels [15].
Matsa et al. generated hiPSC-CMs from both symptomatic
and asymptomatic patients with a G1681 mutation in KCNH2
and put more emphasis on iPS-based disease modelling as a
drug screen platform. The LQT patients in this work (mother:
asymptomatic, QTc interval 445 ms; daughter: symptomatic,
QTc interval 571 ms) showed contrarious phenotypes despite
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the same mutation. In the symptomatic patient, syncope-like
events took place after arousal from sleep, as typical for LQT2.
hiPSC-CMs originated from skin fibroblasts. Interestingly,
APDs from the mother’s hiPSC-CMs were shorter than the
daughter’s thus reflecting the in vivo penetrance. Application
of a sympathetic stimulus with isoprenaline led to electro-
physiological abnormalities, for example, EADs, in 25% of the
LQT2-hiPSC-CMs. These arrhythmias could be antagonized
by𝛽-blockers [26]. Lahti et al. used skin biopsy-derived iPSCs
of an asymptomatic individual with a missense mutation
in KCNH2 causing arginine-to-tryptophan substitution at
position 176 (R176, hERG-FinB). CM differentiation was
performed with WT-hiPSC-CMs, LQT2-hiPSC-CMs, and
hES-CMs. Again, APs were divided into “atrial-like” and
“ventricular-like.” Only ventricular-like APs showed a signif-
icant elongation, especially at low frequencies. EADs were
observed in 1 out of 20 LQT2-hiPSC-CMs and were never
observed in WT- hiPSC-CMs. Blocking of 𝐼Kr channels with
E4031 lead to an increase in EADs in both LQT2 and wild-
type-derived cell lines, but this effect turned out to be more
emphasized in LQT2-hiPSC-CMs [27].

4. A Long QT Type 3 Syndrome Model

4.1. Pathophysiology. LQT3 has a vastly lower incidence than
LQT1/2, it is evident in about 7-8% of genotyped patients
with LQTS [34]. Patients with LQT3 suffer from fatal cardiac
events typically at night without excitation or arousal. Inter-
estingly, only infrequently preliminary sympathetic stimula-
tion can be found before cardiac events [35]. Surface ECG in
LQT3 shows a flat, long ST segment with a late appearance
of a narrow-peaked T wave [4, 36]. SCN5A mutations lead to
gain of function of Na+ channel activity. Briefly, late sustained
Na+ currents, slowed rate of inactivation, faster recovery from
inactivation, and abnormal interaction with the channel’s
𝛽-subunit define the mode of action in LQT3 syndrome
[36]. Thereby, the plateau phase of the action potential is
prolonged, producing long ST segments and later appearance
of T wave in the ECG. Compared to patients with LQT1/2, 𝛽-
blocker treatment is less effective in LQT3, for example, as
that might prolong action potentials due to bradycardia [37].
On the other hand, Na+ channel blockers like mexiletine and
flecainide can shorten the action potential both in vitro and
in vivo [38]. Mexiletine leads to a shortened QT interval, a
normalization of the T wave, and can even prevent torsade
de pointes in short-time course. Atrioventricular block can
also be improved. The effect of flecainide seems to be more
mutation specific and it can induce Brugada type ECG
changes. Once diagnosed, patients require implantation of
a cardioverter defibrillator (ICD) because of the high inci-
dence of malignant arrhythmias. Moreover, the pacemaker-
function of the ICD helps to prevent arrhythmia-inducing
bradycardias.

4.2. The Models. Generation of LQT3-miPSC-CMs was first
performed in 2011 by Malan et al. [28], this work is based
on murine cells with deletion of the amino acids lysine-
proline-glutamine in the intracellular loop between domains
III and IV of the cardiac Na+ channel (SCN5). Patch clamp

measurements of LQT3-miPSC-CMs showed faster recovery
from inactivation and larger late currents than observed in
controls. Duration of AP was prolonged; also EADs could be
provoked at low pacing rates.

Davis et al. generated iPSC lines from mice carrying the
Scn5a (1798insD/+) (SCN5a-het) mutation [17]. In humans,
the underlying mutation causes an overlap syndrome with
clinical features of both LQT3 and Brugada syndrome. This
work addresses the question whether relatively immature
iPSCs-derived CMs can truly model gain- and loss-of-
function genetic disorder affecting the Na+-current (𝐼Na)
in the face of their immaturity. Patch-clamp experiments
showed that the SCN5-het cardiomyocytes had a significant
decrease in 𝐼Na density and a larger persistent 𝐼Na compared
with SCN5a-WT cells. AP measurements indicated longer
APD in SCN5-het-derived CMs. Interestingly, these charac-
teristics recapitulated the findings of isolated cardiomyocytes
from adult mice. Patch-clamp measurements on the deriva-
tive cardiomyocytes revealed changes similar to those in the
mouse iPSC-derived cardiomyocytes [17].

5. LQT8 (Timothy Syndrome)

LQT8, also named Timothy syndrome, was first described
by Marks et al. and Reichenbach et al. [39, 40]. Compared
to the named above types of LQTS, this syndrome manifests
with major phenotypic abnormalities in multiple-organ sys-
tems, including skin, eyes, teeth, immune system, and brain.
The majority of affected children die at an average age of
2.5 years. All affected individuals have severe prolongation
of QT intervals, syndactyly, and abnormal teeth. Cardiac
arrhythmias are the most serious aspect of this disorder:
patients show QT prolongation, 2:1 atrioventricular block, T
wave alteration, and life-threatening polymorphic ventricular
tachycardias. In 2004, Splawski et al. [41] could specify the
phenotypic characterization of the Timothy syndrome and
finally attribute its variegated clinical attributes to a de novo
missense mutation in the CaV1.2 L-type calcium channel
gene: Analysis of the affected patients CaV1.2 splice variant
revealed a G121A transition in exon 8A. The CaV1.2 gene is
expressed in multiple tissues. The disease-associated muta-
tion causes abnormal Ca2+ currents. The mutated Ca2+ chan-
nel loses its voltage-dependent inactivation leading to sus-

tained 𝐼Ca,L action potential prolongation and Ca2+ overload.

The consequence is a spontaneous Ca2+ release from the
sarcoplasmatic reticulum and thus is a promotion of early
delayed afterdepolarizations. It has been shown in single cases

that treatment with Ca2+-channel blockers like verapamil can
reduce the risk of arrhythmias.

5.1. The Model. In 2011, Yazawa et al. have generated hiPSC-
CMs from two Patients suffering from LQT8/Timothy syn-
drome due to an amino acid substitution in exon 8a of
CACNA1C, the gene encoding CaV1.2. The APs from iPSC-
derived ventricular cells were three times longer than in
controls, and EBs from those cells contracted only at 30 bpm

(controls 60 bpm). Electrophysiological recordings and Ca2+

imaging studies of these ventricular-like cells showed irregu-

lar contraction, excessive Ca2+ influx as a source of prolonged



Stem Cells International 5

Healthy 
control person

Patient with 
long QT sndrome

Easy accessible donor cells
(fibroblasts, keratinocytes)

OCT3/4, KLF4, cMYC, SOX2 
Reexpression

 IPS cells

Regular cardiomyocytes

Cardiomyocytes with 
long QT phenotype

Directed cardiac
differentiation

(a)

Cardiomyocytes with 
long QT phenotype

Disease modelling

Patient-specific 
pharmacotherapy

Disease-specific 
pharmacotherapy

Large-scale

drug screening

Patient-specific
cell therapy

(b)

Figure 2: (a) Schematic presentation of iPSC-derived cardiomyocytes’ retrieval. Based on easy accessible donor cells, like, for example,
fibroblasts and consequent overexpression of different pluripotency factors, reprogrammed donor cells fall into a state of pluripotency (iPS-
Cells). By various forms of directed cardiac differentiation, cardiomyocyte-like cells show essential characteristics of adult cardiomyocytes,
maintaining their LQT-/non-LQT-phenotype. (b) Possible applications for iPSC-derived cardiomyocytes: (i) disease modelling for better
understanding of genetic and epigenetic causation of LQTS; (ii) large-scale drug screening for both patient-specific and nonspecific
pharmacotherapy; (iii) circumventing transplantation-associated immunogenicity by patient-specific cell therapy.

action potentials, irregular electrical activity, and abnormal
calcium: LQT8-iPSC-CMs showed a delay in inactivation of
𝐼Ca,L. The great impact of this work is outlined by the rescue
experiments. Briefly, roscovitine, a compound that increases
the voltage-dependent inactivation of CaV1.2, restored the

electrical and Ca2+ signalling properties of cardiomyocytes
from Timothy syndrome patients [20, 42].

6. Conclusion

Several limitations of iPS-derived CMs have to be overcome.
To date, most models mentioned previously lead to an
“immature” electrophysiological phenotype, reminding more
of fetal than adult CMs. As in most iPS cell-based disease

models, further limitations come due to deficient purity of the
cell populations. To date, these are not exceeding 50% purity
of CMs. Beyond that, iPC-derived “CMs” comprise mixed
cardiac subpopulations with various AP characteristics.

Nevertheless, human disease-specific iPS cells can be
used to model different types of long QT syndrome. Not only
the generated cardiomyocytes recapitulated human disease
phenotype but also allowed the development of potential
rescue strategies. In fact, this points to major application
of human disease-specific iPS cells, namely, the opportunity
of drug development in a disease-specific setting. Thereby,
a variety of human diseases have been successfully stud-
ied while the vast majority of rescuing strategies were based
on an educated guess. In the future, large-scale screening
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approaches using small molecule, shRNA, or cDNA libraries
will shed a deep light on the pathophysiology of human dis-
ease and allow the development of specific drugs (Figure 2).

Abbreviations

AP: Action potential
APD: Action potential duration
CM: Cardiomyocyte
EB: Embryoid body
EAD: Early afterdepolarization
ECG: Electrocardiogram
hESC: Human embryonic stem cell
hiPSC: Human-induced pluripotent stem cell
ICD: Implantable cardioverter defibrillator
miPSC: Murine-induced pluripotent stem cells
LQT(S): Long QT (syndrome)
QT-Interval: Time between start and end of cardiac

ventricular electrical depolarization.

References

[1] P. J. Schwartz, M. Stramba-Badiale, L. Crotti et al., “Prevalence
of the congenital long-QT syndrome,” Circulation, vol. 120, no.
18, pp. 1761–1767, 2009.

[2] C. A. Martin, G. D. Matthews, and C. L. Huang, “Sudden cardiac
death and inherited channelopathy: the basic electrophysiology
of the myocyte and myocardium in ion channel disease,” Heart,
vol. 98, no. 7, pp. 536–543, 2012.

[3] A. O. Grant, “Cardiac ion channels,” Circulation, vol. 2, no. 2,
pp. 185–194, 2009.

[4] H. Morita, J. Wu, and D. P. Zipes, “The QT syndromes: long and
short,” The Lancet, vol. 372, no. 9640, pp. 750–763, 2008.

[5] K. Takahashi, K. Tanabe, M. Ohnuki et al., “Induction of
pluripotent stem cells from adult human fibroblasts by defined
factors,” Cell, vol. 131, no. 5, pp. 861–872, 2007.

[6] J. Yu, M. A. Vodyanik, K. Smuga-Otto et al., “Induced pluripo-
tent stem cell lines derived from human somatic cells,” Science,
vol. 318, no. 5858, pp. 1917–1920, 2007.

[7] S. Liebau, P. U. Mahaddalkar, H. A. Kestler, A. Illing, T.
Seufferlein, and A. Kleger, “A hierarchy in reprogramming
capacity in different tissue microenvironments: what we know
and what we need to know,” Stem Cells and Development, vol.
22, no. 5, pp. 695–706, 2013.

[8] L. Linta, M. Stockmann, T. M. Boeckers, A. Kleger, and S.
Liebau, “The potential of iPS cells in synucleinopathy research,”
Stem Cells and Development, vol. 2012, Article ID 629230, 6
pages, 2012.

[9] A. Kleger, P. U. Mahaddalkar, S. F. Katz, A. Lechel, J. Y. Joo,
K. Loya et al., “Increased reprogramming capacity of mouse
liver progenitor cells, compared with differentiated liver cells,
requires the BAF complex,” Gastroenterology, vol. 142, no. 4, pp.
907–917, 2012.

[10] R. Maehr, S. Chen, M. Snitow et al., “Generation of pluripotent
stem cells from patients with type 1 diabetes,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 106, no. 37, pp. 15768–15773, 2009.
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Pluripotent stem cells present an extraordinary powerful tool to investigate embryonic development in humans. Essentially, they
provide a unique platform for dissecting the distinct mechanisms underlying pluripotency and subsequent lineage commitment.
Modest information currently exists about the expression and the role of ion channels during human embryogenesis, organ
development, and cell fate determination. Of note, small and intermediate conductance, calcium-activated potassium channels have
been reported to modify stem cell behaviour and differentiation. These channels are broadly expressed throughout human tissues
and are involved in various cellular processes, such as the after-hyperpolarization in excitable cells, and also in differentiation
processes. To this end, human induced pluripotent stem cells (hiPSCs) generated from plucked human hair keratinocytes have
been exploited in vitro to recapitulate endoderm formation and, concomitantly, used to map the expression of the SK channel
(SKCa) subtypes over time. Thus, we report the successful generation of definitive endoderm from hiPSCs of ectodermal origin
using a highly reproducible and robust differentiation system. Furthermore, we provide the first evidence that SKCas subtypes are
dynamically regulated in the transition from a pluripotent stem cell to a more lineage restricted, endodermal progeny.

1. Introduction

Mammalian development is a tightly regulated process, with
considerable biochemical and physiological changes occur-
ring from the time of fertilization to the onset of gastrulation
and further differentiation towards fully formed organisms.
However, understanding early fate decision events, such as
segregation of the three germ layers, is a prerequisite for
regenerative medicine [1–5]. The advent of induced pluripo-
tent stem cells and their unique features of unlimited self-
renewal and nonrestricted differentiation capacity marked a
milestone in the battle to dissect such processes—directly
in the context of human development [6–8]. Given the

incredible accordance of embryonic development in vivo
and its respective model system in vitro, it is not surprising
that most of the currently available pluripotent stem cell
differentiation protocols make use of physiological, stage-
specific signalling clues in order to recapitulate develop-
ment of all three germ layers: ectoderm, mesoderm, and
endoderm. Further differentiation towards more specialized
cell types has also been achieved, for example, formation
of primitive gut tube endoderm (SOX17/Hnf1b positive [9,
10]), pancreatic progenitor cells (Pdx1/Cpa1 positive [11, 12]),
and hepatic progenitor cells (AFP/HNF4a positive [13])
from definitive endoderm progenitor cells. Nevertheless, the
precise mechanisms governing such complex processes are
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not completely understood. Another limitation exists in
achieving highly homogenous, reproducible cell type-specific
yields. As a result, the current use of hiPSCs for disease
modelling where the aim is to use in vitro differentiated
patient-specific pluripotent stem cells to replace the patients’
damaged cells is massively hindered. In consequence, criti-
cally defined, efficient, and robust differentiation protocols
are highly anticipated.

Endoderm comprises the innermost of the primary germ
layers of an animal embryo and has a primary role to provide
the epithelial lining of two major tubes within the body. The
first tube, which extends the entire length of the body, is
known as the digestive tube and undergoes budding during
embryogenesis to form the liver, gallbladder, and pancreas.
The second tube, the respiratory tube, forms an outgrowth
of the digestive tube and gives rise to the lungs. Notably,
two distinct sets of endoderm can be distinguished in the
developing embryo: visceral endoderm arising directly from
the inner cell mass and definitive endoderm (DE) derived
from mesendoderm within the anterior primitive streak in
close proximity to the cardiovascular progenitors [1, 14–16].
The visceral endoderm forms the epithelial lining of the yolk
sac [17] while the DE is responsible for the internal (mucosal)
lining of the embryonic gut and is governed by the expression
of key transcription factors such as SOX17 [18], Foxa2, or Hex1
[19].

To date, a large group of proteins has been broadly
neglected concerning its role during developmental pro-
cesses, namely, ion channels. In addition to the modulation
of the membrane potential in various tissues and cell popula-
tions, ion channels were identified to be involved in a number
of biological processes, such as proliferation, cell differenti-
ation, and cell morphogenesis. Since these mechanisms are
apparently abundant in the transition of stem or progenitor
cell populations to more defined cells types of different
origin and potency, a role for ion channels in developmental
processes can be hypothesized [20–23]. In particular, the
adsorptive tissues derived from the DE are often rich in ion
channels and defects in these channels are responsible for
some harmful diseases. One prominent example is cystic
fibrosis (CF), a common, autosomal recessive disorder due
to mutations in a chloride channel known as the CFTR.
Located on the plasma membrane of many epithelial cells,
this simple mutation gives rise to abnormalities of salt and
fluid transport in many endodermal derived tissues including
lung, pancreas, and liver [24]. However the contribution of
other ion channel families to diseases within the foregut has
been poorly studied.

Indeed, in pluripotent stem cells, activation of small
and intermediate conductance calcium activated potassium
channels (SK channels; SKCas) triggers the MAPK/ERK
pathway following RAS/RAF activation finally, giving rise
to cytoskeletal rearrangement, cardiogenesis, and cardiac
subtype specification [2, 3, 5, 25]. The group consists of
four members, namely, SK1 (KCa 2.1, KCNN1), SK2 (KCa
2.2, KCNN2), SK3 (KCa 2.3, KCNN3), and SK4 (KCa 3.1,
KCNN4). The functional form of the ion pore is medi-
ated by the combination of the 4 subunits, respectively.
Additionally, widely distributed functional splice variants of

SKCas have been found throughout the organism in several
tissues [26–28]. Functional SKCas are not only constructed
as homo- but also as hetero-tetrameric channel proteins,
most probably serving a cellular and functional specificity
[26, 29]. The pore is opened following subtle elevation of

intracellular calcium levels. Calmodulin, attached in a Ca2+-
dependent manner to the C-terminal of the channel subunits,
specifically binds Ca2+-ions and mediates a conformational
change of the channel protein, leading to the opening of
the pore [30, 31]. Calcium is the only known physiological
activator of SKCas and channel opening occurs within a few
milliseconds [31]. SK1-3 are highly expressed in the nervous
system where they modify the membrane potential; that is,
they crucially contribute to the after-hyperpolarization and
therefore regulate the firing pattern, frequency, and length of
action potentials in different neuronal networks [32–35]. On
the other hand, SKCas play important roles in multiple other
cellular functions, namely in cerebral and peripheral blood
vessel smooth muscle, the functional myocardium, or neural
progenitor cells [21, 36, 37].

In the current study, we highlight a robust and efficient
differentiation protocol to drive plucked human hair-derived
hiPSCs towards definitive endoderm. Furthermore, we anal-
yse changes in protein and mRNA expression in the SKCa
family of ion channels in the transition from a pluripotent
cell state to a definitive endodermal committed cell type.

2. Materials and Methods

2.1. Keratinocyte Culture from Plucked Human Hair. Out-
growth of keratinocytes from plucked human hair was
induced as described previously [25, 38]. Keratinocytes were
split on 20𝜇g/mL collagen IV-coated dishes and cultured in
EpiLife medium with HKGS supplement (both Invitrogen,
USA). The use of human material in this study has been
approved by the ethical committee of the Ulm University
(Nr. 0148/2009) and in compliance with the guidelines of
the Federal Government of Germany and the Declaration of
Helsinki concerning Ethical Principles for Medical Research
Involving Human Subjects.

2.2. Rat Embryonic Fibroblasts (REFs) Culture. REFs were
isolated from day E14 Sprague Dawley rat embryos as
described previously [38] and cultured in DMEM supple-
mented with 15% FCS, 2 mM GlutaMAX, 100 𝜇M nonessen-
tial amino acids, and 1% Antibiotic-Antimycotic (all Invit-
rogen). Cells were passaged using 0.125% trypsin digestion
when reaching confluence for up to 5 passages. All animal
experiments were performed in compliance with the guide-
lines for the welfare of experimental animals issued by the
Federal Government of Germany, the National Institutes of
Health, and the Max Planck Society (Nr. O.103).

2.3. Lentivirus Generation. Lentivirus containing a poly-
cistronic expression cassette encoding OCT4, SOX2, KlF4,
and cMYC was produced as described previously [3, 25, 38].
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2.4. Reprogramming Keratinocytes. Keratinocytes at 75%
confluence were infected with 5×105 proviral genome copies
in EpiLife medium supplemented with 8𝜇g/mL polybrene on
two subsequent days. On the third day, keratinocytes were
transferred onto irradiated REF feeder cells (2.5 × 105 cells
per well irradiated with 30 Gy). Cells were cultured in hiPSCs
medium in a 5% O2 incubator and medium was changed
daily. After 3–5 days small colonies appeared, showing a
typical hiPSCs like morphology. Around 14 days later, hiPSC
colonies had the appropriate size for mechanically passaging
and were transferred onto irradiated MEFs or onto Matrigel-
coated (BD, USA) dishes for further passaging.

2.5. hiPSC Culture. hiPSCs were initially cultured on feeder
cells in Knockout DMEM (Invitrogen) supplemented with
20% Knockout Serum Replacement (Invitrogen), 2 mM Glu-
taMAX (Invitrogen), 100𝜇M nonessential amino acids (Invit-
rogen), 1% Antibiotic-Antimycotic (Invitrogen), 100 𝜇M 𝛽-
mercaptoethanol (Millipore, USA), 50 𝜇g/mL ascorbic acid,
and 10 ng/mL FGF2 (both PeproTech, USA) in a 5% CO2
incubator.

For later passages, hiPSCs were mechanically picked and
transferred onto Matrigel-coated dishes (BD) and kept in
FTDA medium that contains DMEM/F12-GlutaMax (Invit-
rogen), 1 × ITS (Insulin-Transferrin-Selenium, Invitrogen),
0.1% HSA (Biological Industries, Israel), 1 × Lipid mix (Invit-
rogen), 1 × Penicillin-Streptomycin (Millipore), 10 ng/mL
FGF2 (PeproTech), 0.5 ng/mL TGF-𝛽1 (PeproTech), 50 nM
Dorsomorphin (Sigma, Germany), and 5 ng/mL Activin A
(PeproTech) [39]. hiPSCs were cultured in a 5% O2 incu-
bator and medium was changed daily. For splitting cells,
hiPSCs colonies were incubated with Dispase (StemCell
Technologies, France) for 5–7 min at 37∘ and subsequently
detached using a cell scraper. After brief centrifugation, cells
were resuspended in FTDA medium and transferred onto
Matrigel-coated dishes. Excision of the viral cassette was
achieved by incubation with recombinant TAT-Cre protein
(1.5 𝜇M for 5 h).

2.6.Monolayer-Based hiPSCDifferentiation towardsDefinitive
Endoderm. For DE differentiation, hiPSCs were plated onto
Matrigel-coated dishes and cultured in FDTA medium sup-
plemented with 10 𝜇M Rock-inhibitor Y-276342 (Ascent, UK)
for 24 hours. When the cells reached about 75% confluence,
medium was changed to RPMI 1640 medium (Invitrogen)
containing 2% FBS (Lonza, CH) with 500 nM IDE1 (R&D
systems, USA), 3 𝜇M CHIR99021 (Axonemedchem), 5𝜇M
LY294002 (Sigma, Germany), and 10 ng/mL BMP4 (Pepro-
Tech) for 24 hours. Then, medium was changed to RPMI
1640 medium containing 2% FBS and supplemented with
500 nM IDE1 and 5 𝜇L LY294002 for two days. From day
3 on, cells were cultured in RPMI 1640 supplemented with
500 nm IDE1, 5 𝜇M LY294002, and 50 ng/mL FGF2. The
respective figure contains an experimental outline illustrating
detailed culture conditions and treatment regimens [40–45]
(Figure 2(a)).

2.7. Immunocytochemistry. Immunofluorescence has been
previously described [5]. Nuclei were stained with DAPI.
Primary antibodies were used as follows: SK1/2 (both 1 : 100,
Sigma), SK3 (1 : 100, Alomone Labs, Israel), SK4 (1 : 100,
Cell Applications, USA), SOX17 (1 : 500, R&D systems), and
FOXA2 (1 : 100, Santa Cruz, USA). hiPSC lines were charac-
terized using the StemLite Pluripotency Antibody Kit (Cell
Signaling, USA). Fluorescence labelled secondary antibodies
were Alexa Fluor 488 and Alexa Fluor 568 (both Invitrogen).
Images were captured using an upright fluorescence micro-
scope (Axioskop 2, Zeiss, Oberkochen, Germany) equipped
with a Zeiss CCD camera and analysed using Axiovision
software (Zeiss) [46].

2.8. Quantitative One-Step Real Time. RT-PCR (qPCR) Anal-
ysis was performed as previously described. Briefly, one-step
real-time qPCR was carried out with the LightCycler System
(Roche, Mannheim, Germany) using the QuantiTect SYBR
Green RT-PCR kit (Qiagen, Hilden, Germany). Relative
transcript expression was expressed as the ratio of target gene
concentration to the housekeeping gene hydroxymethylbi-
lane synthase (HMBS) [47, 48].

2.9. FACS Analysis . For flow cytometry cells were harvested
with TrypLE (Invitrogen) for 7 min at 37∘C to obtain single-
cells suspension. Next, cells were washed twice with PBS,
blocked with 5% HSA-solution (in PBS) to avoid unspe-
cific binding of the antibodies to the Fc-receptor. Cells
were washed again with PBS and incubated for 40 min at
4∘C with CXCR4-PE (Invitrogen), subsequently c-Kit-APC
(Invitrogen) was added for additional 10 min at 4∘C in FACS
buffer (2% FCS in PBS), according to the manufacturer’s
instructions. Cells were washed with FACS buffer, 50 ng/mL
DAPI was added, to exclude dead cells from analysis, and
the samples were directly analysed on a LSRII flow cytometer
(BD).

For intracellular SOX17 staining cells were washed twice
with PBS, blocked with 5% HSA-solution (in PBS) to avoid
unspecific binding of the antibodies to the Fc-receptor. Cells
were washed again with PBS and the pellet was resuspended
in 4% PFA and incubated for 15 min at 37∘C for fixation.
Subsequently the cell pellet was resuspended in 0.5% Saponin
in FACS buffer (saponin buffer) and incubated for 30 min on
ice. Cells were pelleted and stained with SOX17 (1 : 100, R&D
systems) at 4∘C for one hour. Cells were washed with saponin
buffer and afterwards incubated for 30 min at 4∘C with anti-
goat Alexa Fluor 647. Finally cells were washed with FACS
buffer and directly analysed on an LSRII flow cytometer (BD).

2.10. Statistical Analysis. If not stated otherwise, error bars
indicate standard deviations. Calculations were done with
GraphPad Prism 5 (GraphPad Software, Inc., San Diego,
http://www.graphpad.com/).

3. Results

3.1. Reprogramming Human Hair-Derived Keratinocytes to
hiPSCs. For the depicted studies we utilized keratinocyte
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Figure 1: Continued.
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Figure 1: Generation of human induced pluripotent stem cells. (a) Scheme of reprogramming keratinocytes from human plucked hair into
induced pluripotent stem cells (hiPSCs). Bright field microscopy images from outgrowing keratinocytes, in detail, the outer root sheath
of a plucked human hair. Keratinocytes were infected with a lentiviral construct containing the reprogramming factors OCT4, SOX2,
KlF4, and cMyc on two subsequent days. On the following day keratinocytes were transferred onto a monolayer of irradiated REFs (rat
embryonic fibroblasts) and after some days small hiPSC colonies could be detected. For later passaging hiPSCs were cultured, under feeder-
free conditions, on Matrigel-coated dishes in FTDA medium. Scale bars are 20𝜇m. (b) hiPSCs express the nuclear factors OCT4, SOX2, and
NANOG as well as the pluripotent surface markers SSEA4, TRA-1-60, and TRA-1-81 (all red). Scale bars as indicated. (c) hiPSCs used in
the present study are capable of differentiating into cells of all 3-germ layers represented by 𝛽-tubulin (beta-tubulin 3 in green, neurons—
ectoderm), 𝛼-actinin (alpha-actinin in green, myocytes—mesoderm), and AFP (alpha-fetoprotein in green, liver cells—endoderm). Nuclei
are stained with DAPI in blue. (d) Transcript levels of pluripotent markers such as OCT4, SOX2, and NANOG were highly expressed whereas
markers for definitive endoderm (SOX17 and FOXA2) and markers for pancreatic progenitor cells (PTFA1 and PDX1) were not expressed at
all. (e) Polymerase chain reaction to detect the STEMCCA cassette in iPS cell subclones before and after treatment with recombinant Cre
protein (actin band ∼480 bp, STEMCCA band ∼400 bp).

cultures from plucked human hair of healthy individuals
(Figure 1(a)). With the use of a lentiviral, multicistronic four-
factor reprogramming system, keratinocytes were success-
fully reprogrammed to human induced pluripotent stem cells
displaying embryonic stem cell like morphology (Figure 1(a))
as well as hallmarks of pluripotency tested via immunohis-
tochemistry and qRT-PCR for the expression of embryonic
stem cell markers. Several lines of more than 5 individuals
(data not shown or reported in [3, 25, 38]) were tested for their
proliferation and differentiation capacity and subsequently
two lines were selected, named “hiPSC 1 and hiPSC 2.” Both
lines were additionally tested for the protein expression
of OCT4, SOX2, NANOG, SSEA4, TRA1-60, and TRA1-81
(Figure 1(b)) and mRNA levels of three pluripotency markers
(OCT4, SOX2, NANOG). At the pluripotent stage definitive
endoderm makers (FOXA2, SOX17) and markers for pancre-
atic progenitors (PTFA1, PDX1) were negative (Figure 1(d)).
Additionally, all lines were capable of differentiating into cells

of all 3 germ-layers, as shown by 𝛽-3-tubulin (neurons—
ectoderm), 𝛼-actinin (muscle cells—mesoderm), and 𝛼-
fetoprotein (liver cells—endoderm) (Figure 1(c)). One line
was further treated with recombinant Cre protein to excise
the reprogramming STEMCCA cassette being flanked with
loxp sites. To test for successful excision, PCR amplification of
the STEMCCA cassette was performed in cre- and nontreated
iPS cell clones from this respective line showing the band
only in controls (Figure 1(e)). Taken together, our established
hiPSC lines display an embryonic stem cell like phenotype,
proven by morphology and expression of pluripotency mark-
ers as well as absent mRNA for endodermal markers.

3.2. Human Induced Pluripotent Stem Cells Can Be Differ-
entiated to Cells Representing the Definitive Endoderm. To
test the differentiation potential of our established hiPSC
lines into definitive endoderm (DE), previously published
protocols were combined in terms of a small molecule-driven
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Figure 2: Continued.
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Figure 2: Differentiation of hiPSCs into DE (definitive endoderm) cells. (a) Scheme of monolayer differentiation of hiPSCs into DE cells. (b)
Immunocytochemistry shows that hiPSCs-derived DE cells express the early endodermal markers SOX 17 (red) or FOXA2 (green). Scale bars
as indicated. (c) FACS analysis reveals that after 3 days of differentiation approximately 45% of the cells have become SOX17 positive. After
6 days of differentiation about 80% of the cells express SOX17. This data was consistent within two different hiPSC lines. (d) (e) Number of
CXCR4/cKIT double-positive cells after 3 days and 5 days of differentiation, respectively. After 5 to 6 days of differentiation both hiPSCs lines
express the highest amount of CXCR4/cKIT double-positive cells in the region of 75–80%. (f) Virus-containing hiPSCs (hiPSC 1/hiPSC 2)
did not show differences in the number of CXCR4/cKIT double-positive cells compared to virus-free iPSCs (hiPSC Cre). (g) Continuous
loss of OCT4 mRNA levels during DE differentiation. In contrast, transcript levels of early endodermal genes such as SOX17 and FOXA2
steadily increased and reached highest levels after 5 days of differentiation. Expression levels are shown relative to the housekeeping gene
HMBS (𝑛 = 4, two different hiPSCs lines).

approach [43–45]. Small molecule-based assays are less
biased by batch-to-batch variations and are usually more cost
effective. Upon extensive testing of different combinations,
our protocol led to the following replacements of estab-
lished growth factors being known to drive definitive endo-
derm differentiation: CHIR90021 replaced Wnt3a [40], IDE1
replaced Activin A [41], and LY294002 inhibited the AKT
signalling pathway to abolish pluripotency [42]. Figure 2(a)
represents a detailed scheme of the differentiation conditions
used for the formation of DE from day 0 (undifferentiated
pluripotent hiPSCs) to day 6 (definitive endodermal cells). In
vitro differentiated hiPSCs became positive for endodermal
markers, confirmed by positive immunostaining of cells
on day 5 for FOXA2 and SOX17 (Figure 2(b)). To analyse
and characterize the SOX17 expression more objectively, we
quantified SOX17 expression via intracellular FACS analysis
in a time course from day 3 to day 6 of the applied protocol.
Figure 2(c) shows representative FACS plots from both lines,
representing SOX17 positive cells on day 3 and day 5. We
did not observe differences in the differentiation capacity
of virus-free hiPSCs after excision of the reprogramming
cassette in comparison to virus-containing cells, making fur-
ther analyses of silencing of exogenous factors unnecessary
(Figure 2(d)). In summary, SOX17 expression is increasing
from approximately 45% at day 3 to nearly 80% of SOX17
positive cells on day 6. Recent publications depict CXCR4
and c-KIT positive cells as definitive endoderm progenitors,
that give rise to self-renewing endodermal progenitor cells
(EPCs) [49]. To confirm our protocol, we did time course
analysis by flow cytometry for CXCR4 and c-KIT positive
cells during differentiation. Figure 2(e) shows representative
FACS plots of CXCR4 and c-KIT positive cells of the two
hiPSC lines on day 3 and 5. Two independent experiments
for each line were summarized and shown from day 2 to 7

of endodermal differentiation. From day 2 on, the double
positive population (CXCR4 and c-KIT) is steadily increasing
in both lines. The maximum is reached with almost 90%
double positive cells for hiPSC 1 and almost 80% for hiPSC 2
(Figure 2(d)). Again there was no relevant difference upon
excision of the reprogramming cassette (Figure 2(f)).

To further confirm the definitive endodermal identity
of the differentiated lines, we measured mRNA levels using
qRT-PCR analysis for OCT4, SOX17, and FOXA2. From day
1 to day 5 mRNA levels for the pluripotency marker OCT4
decrease continuously (Figure 2(g), summarized for hiPSC 1
and hiPSC 2). SOX17 and FOXA2 levels were tested in the two
established hiPSC lines during differentiation and displayed
increasing mRNA levels from day 1 to day 5 (Figure 2(g)). This
data clearly indicates that the investigated hiPSC lines can be
differentiated into DE, loosing markers of pluripotency and
up regulating the expression of endodermal markers during
endoderm formation.

3.3. Expression of Calcium-Activated Potassium Channels
(SKCas) during DE Differentiation. Next, we had a closer
look on the expression of the different SKCas subtypes
during DE differentiation. hiPSCs were differentiated into
DE cells and expression of SKCa was investigated after 5
days of differentiation. On day 5 SOX17 is strongly expressed
indicating the differentiation into DE cells (Figure 3(a)).
To analyse the expression of the SKCas, DE cells were
stained for the different SKCa subtypes. Immunofluorescence
analyses show a quite strong and stable expression of SK1,
SK2, and SK3 whereas SK4 seems to be expressed at a
lower level (Figure 3(b)). SK1, 2, and 4 are localized in the
cytoplasm and the cell membrane. However, SK3 is not
only localized at the cell membrane but also as PUNCTUA
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Figure 3: Expression of Calcium-activated Potassium channels during formation of definitive endoderm. (a) Expression of SOX17 (green)
after 5 days of DE differentiation. (b) Immunofluorescence analysis of SKCa proteins in DE cells. Indicated SKCa subtype (red). Scale bars as
indicated. (c) Higher magnifications of indicated SKCa subtype (red). Scale bars as indicated. (d) Transcript levels of SK1 and SK2 remained
relatively low during the DE differentiation. In contrast, mRNA levels of SK3 increased after 4 days of differentiation. SK4 mRNA levels
slightly increased during the first days of differentiation and peaked on day 3 followed by a sharp decrease until day 5. Expression levels are
shown relative to the housekeeping gene HMBS (𝑛 = 4, two different hiPSCs lines).
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in the nuclei (Figure 3(c)). This is a finding that needs
to be analysed in further studies. Double immunofluores-
cence staining for SOX17 and respective channel proteins
are shown in Supplementary Figure 1 available online at
http://dx.doi.org/10.1155/2013/360573.

mRNA expression analysis via quantitative RT-PCR
(qRT-PCR) shows a relative constant expression of SK1 and
SK2 during DE differentiation (Figure 3(d)). In contrast,
transcript levels of SK3 obviously increased after 4 days of
differentiation (Figure 3(d)). SK4 mRNAs levels marginally
increased during the first days of differentiation and peaked
on day 3, followed by a sharp decline up to day 5 (Figure 3(d)).
To note, all four SKCa subtypes are expressed during DE
differentiation. SK1 and SK2 are constantly expressed whereas
SK3 seems to be up regulated during ongoing DE differen-
tiation. The transcript levels of the different SKCa subtypes
on day 5 reflect our observations of the immunofluorescence
analysis. In sum, all 4 SK subtypes are differentially expressed
during DE differentiation of human induced pluripotent stem
cells with a yet undescribed localization of SK3 in the nucleus.

4. Discussion

In the current study, we provide proof of the concept that
plucked human hair-derived iPSCs are highly potent in their
capacity to commit not only towards mesoderm [3] and
neuroectoderm [25] but also towards the endodermal germ
layer, particularly definitive endoderm. To this end, a newly
adopted protocol based on previously published studies was
applied and resulting cells were extensively characterized by
gene expression analysis, immunofluorescence microscopy,
and FACS-staining for intracellular and surface markers
defining the definitive endoderm signature.

As induced pluripotent cells are currently considered
to resemble human embryonic stem cells, a state-of-the-
art assay for hiPSC generation is required. Such an assay
requires the following prerequisites: (i) noninvasive harvest
of the cell type of origin, (ii) broad applicability in terms
of guided differentiation to all three germ layers, (iii) useful
for large-scale hiPSC biobanking, (iv) highly efficient, and
(v) fast reprogramming to the hiPSC stage. Keratinocytes
from the outer root sheath of plucked human hair represent
such a cell source and thus points towards the generation
of patient-specific human induced pluripotent stem cells
as a new paradigm for modelling human disease and for
individualizing drug testing. Previously, we have further opti-
mized this method in terms of efficiency and speed by using
rat embryonic fibroblasts as a feeder layer for keratinocyte
reprogramming [38]. The arising hiPSCs fulfilled all the
prerequisites of pluripotency including teratoma formation
and spontaneous three-germ layer differentiation.

In further studies, we have applied plucked hair-derived
hiPSCs to guide differentiation towards motoneurons [25]
and cardiac pacemaker cells [3], both representing highly
specified cell types from either ectodermal or mesodermal
origin. However, their differentiation capacity to give rise
to definitive and primitive gut tube endoderm remained
elusive. While forming, definitive endoderm is incorporated

by morphogenetic movements into a primitive gut tube stage.
This in turn is patterned into foregut, midgut, and hindgut
to form the functional epithelial compartment of multiple
internal organs: liver, intestines, lungs, and the pancreas
[50]. Nowadays, virtually every cell population arising from
the primitive gut tube has been generated using guided
differentiation of pluripotent cells towards liver, intestines,
lungs, and the pancreas [51–53]. Thus, the induction of DE
cells marks a prerequisite for the entire process of pluripotent
stem cell differentiation into, for example, pancreatic or
hepatic progenitor cells [54, 55]. Several protocols have been
developed and modified to increase the efficiency of DE
commitment. All these protocols are strongly dependent on
high doses of TGF𝛽 signalling mediated by Activin A as
the major driving force of the process. However, large-scale
differentiation experiments should be cost effective, thus,
making a small molecule-based assay more desirable. To this
end, we combined several previously described strategies.
First, we replaced Activin A by IDE1, a compound having
shown to display similar but also superior characteristics
compared to Nodal or Activin A [41]. Similarly, we substi-
tuted Wnt3a by the small molecule CHIR90021 that inhibits
GSK 3 kinase to mimic Wnt signalling [40]. The third small
molecule LY294002 inhibited the AKT signalling pathway,
by repressing PI3K, to promote the exit from pluripotency
[42]. In consequence, a robust and reproducible assay was
developed which shows to be effective in several human
plucked hair-derived iPSCs. As the formation of definitive
endoderm is a prerequisite to obtain, for example, relevant
numbers of pancreatic 𝛽-cells, our data in combination with
the presented reprogramming strategy are highly relevant for
human disease modelling approaches.

However, several studies have suggested that 𝛽-cells
generated from human pluripotent stem cells lack adult, and
at the most reach, fetal maturity as particularly expressed
by their polyhormonality. This observation reinforces the
notion that establishing culture conditions that promote
appropriate maturation represents a significant obstacle for
the generation of functional 𝛽-cells in vitro [56]. A recent
landmark paper identified self-renewing definitive endoder-
mal progenitor cells as a potential cell source to bypass this
limitation. 𝛽-cells generated from these cells showed features
of adult maturity as even shown by functional assays [57].
Given the fact that all published protocols so far lack this
feature, the quality of the definitive endodermal intermediate
seems to have an impact on the final maturity. The generation
of definitive endodermal progenitor cells was characterized
by high positivity for c-KIT and CXCR4 [57]. Thus, we
included in our current DE analysis an FACS-based tool and
indeed succeeded in obtaining a pattern likely to allow the
isolation of this distinct cell type. The similar differentiation
capacity of all our analysed plucked human hair-derived
iPSCs is relevant to the field of disease modelling, using
patient-specific material. Plucked hair keratinocytes are more
or less the only cell type, which matches the above crite-
ria. Nevertheless, a potential ectodermally biased epigenetic
memory could limit their utility [58]. Our finding abolishes
such a bias at least based on the number of different cell lines
and the reproducible endodermal commitment pattern.
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The development of in vitro models underlying embry-
onic development is a prerequisite to build new knowledge
and to develop new strategies targeting various genetic
diseases. The development and investigation of endoderm-
derived cells are such as pancreatic cells, are of high impor-
tance for the field of developmental biology and clinical
implications. Induced pluripotent stem cells (iPSCs) with
their unique features of unlimited self-renewal and non-
restricted differentiation capacity are a highly promising
tool for regenerative medicine as well as for studies on
developmental biology. iPSCs have been generated from a
variety of different cells types originating from all three-
germ layers [38, 58, 59]. Finally, this setup has been used
to determine the expression pattern of a certain ion channel
family which has been previously shown to be differentially
regulated in embryonic stem cells and involved in differenti-
ation processes, namely, small and intermediate conductance
calcium-activated potassium channels [2, 3, 5, 60]. Thus, our
study gives novel insights into guided pluripotent stem cell
differentiation towards definitive endoderm and a potentially
involved protein family.

SKCas either exhibit small (SK1, KCa2.1, Kcnn1; SK2,
KCa2.2, Kcnn2; and SK3, KCa2.3, Kcnn3) or intermediate
(SK4, IK, KCa3.1, and Kcnn4) unitary conductance for K+

ions. Important roles in multiple cellular functions, for
example, cell cycle regulation in cancer cells [20, 61], smooth
muscle relaxation [23, 62], mesenchymal stem cell prolifera-
tion [22], and cytoskeleton reorganization in neural progen-
itors [21] have been reported. SKCas are widely expressed
throughout all different tissues. While SK1 is exclusively
expressed in the central nervous system, SK2 is more widely
expressed in different organs arising from different germ
layers such as brain, liver, or heart. SK3 is the most widespread
expressed isoform with a predominant expression pattern in
the central nervous system but also in smooth muscle rich
tissue. SK4 can be detected in inflammatory cell-rich, surface-
rich, and secretory tissues such as the pancreas [63]. In the
pancreas, for example, SK4 regulates glucose homeostasis
and enzyme secretion of acinar cells [64, 65]. Moreover,
SKCas are overexpressed in a variety of cancers, including
pancreatic cancer [20] and, for example, SK3 was shown
to be involved in cancer cell migration [66]. Nevertheless,
the role of SKCas in developmental processes remains enig-
matic though it is well accepted that cell differentiation and
maturation affect the expression patterns of ion channels.
Our group has shed for the first time light on their role
in differentiating pluripotent stem cells derived from mouse
and men [2, 3, 5, 25]. A potential role of SKCas was already
suggested by their differentially regulated expression pattern.
In fact, it temporally coincides with the commitment of the
cardiovascular progenitor showing an expression peak of
the respective isoform around day 5 [5]. In consequence,
we aimed to address the expression pattern of SKCas in
the developing endoderm using plucked human hair-derived
iPSCs as a bona fide modelling system. Interestingly, the
differential regulation of most SKCa isoforms was relatively
modest. Albeit SK2 and SK4 show a slight expression peak
around day 2/3, the only regulated isoform seems to be SK3
showing a continuously increasing expression with ongoing

DE formation. Interestingly, reports showing SK3 expression
in DE-derived organs are restricted to a handful of studies
showing SK3 expression in epithelial cancer cells and a liver-
specific splice variant [67, 68]. Further studies including gain
and loss of function approaches within the same assay have
to clarify the respective functions of SKCa isoforms with DE
formation and later maturation processes towards liver and
pancreas.

To summarize, we present an efficient, novel, and robust
DE formation assay being suitable for ectoderm-derived
plucked human hair iPSCs. Given the prerequisites for
reprogramming fulfilled by plucked human hair, a robust
DE assay for this particular iPSCs type is highly relevant
for disease modelling approaches. Subsequently, we have
identified dynamic expression of the SKCa family of proteins
during DE formation.
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Ion channels are involved in a large variety of cellular processes including stem cell differentiation. Numerous families of ion
channels are present in the organism which can be distinguished by means of, for example, ion selectivity, gating mechanism,
composition, or cell biological function. To characterize the distinct expression of this group of ion channels we have compared
the mRNA expression levels of ion channel genes between human keratinocyte-derived induced pluripotent stem cells (hiPSCs)
and their somatic cell source, keratinocytes from plucked human hair. This comparison revealed that 26% of the analyzed probes
showed an upregulation of ion channels in hiPSCs while just 6% were downregulated. Additionally, iPSCs express a much higher
number of ion channels compared to keratinocytes. Further, to narrow down specificity of ion channel expression in iPS cells we
compared their expression patterns with differentiated progeny, namely, neurons and cardiomyocytes derived from iPS cells. To
conclude, hiPSCs exhibit a very considerable and diverse ion channel expression pattern. Their detailed analysis could give an
insight into their contribution to many cellular processes and even disease mechanisms.

1. Introduction

Ion channels are comprised of a large variety of differing
families of pore proteins. Initially, ion channels were mostly
known for their role in the nervous system where they
play a crucial role in the signal transmission over neurites
and synapses. But in fact they are involved in numerous
other cellular processes including cell size regulation, muscle
contractions, immune system activation [1], or hormone
release [2]. Distinct ion channels are furthermore recognized
to be of high importance for excitable cells of the heart: car-
diomyocytes of the working myocardium as well as cells of the
cardiac conduction system. In the heart, specific ion channels
are responsible, for example, for the regulated generation of
action potentials and for cardiac muscle contraction strength
and time [3]. Additionally, ion channels play an important

role in several differentiation and maturation processes [4–6].
The presented study aims to take a closer look at ion channel
expression in human-induced pluripotent stem cells (hiPSCs)
to give a start point for further analyses of their distinct
roles at an early developmental cell state and differentiation
processes.

hiPSCs are generated from somatic cells by timed overex-
pression of specific transcription factors and strongly resem-
ble pluripotent embryonic stem cells [7, 8]. Pluripotency is
amongst others defined by the ability to differentiate into cells
of all three germ layers and unlimited symmetrical cell divi-
sion. This cell system is widely utilized for studies investigat-
ing developmental processes or disease mechanisms [9, 10].
Although it has become clear that differentiation processes
influence ion channel expression [11], the distinct role of
ion channels during these processes is so far only poorly
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understood. Nevertheless, it became evident that certain ion
channels play a pivotal role in stem cell biology, including
cell fate determination, cell cycle regulation, or cytoskeletal
reorganization [6, 12–15].

The possibilities of iPSCs include the generation of
individual or patient-specific-pluripotent cells, which can be
subsequently differentiated into the affected cell types. This is
already utilized to study pathomechanisms in a variety of tis-
sues and cell types [9, 16–18]. The so-called channelopathies
which are based on mutations in ion channels are the cause of
developmental disorders and are the subject of various studies
[19, 20]. To elucidate the role of ion channels in cell differen-
tiation, maturation or their role in pathomechanisms a well-
founded knowledge of ion channel distribution in pluripotent
cells, representing one of the earliest stages of development,
is indispensable. In that respect, we compared the expression
levels of several ion channels in human keratinocytes with
their reprogrammed progeny, hiPSCs. Keratinocytes derived
from plucked human hair [21, 22] represent one of the most
promising cell sources for the generation of the investigated
hiPSCs [23]. We have elucidated ion channel regulation for
various channel families and their subtypes. Additionally, we
compared the expression levels of ion channel families and
subtypes, found to be regulated during reprogramming, with
iPSC-differentiated progeny, namely, neurons and cardiomy-
ocytes. These comparisons could be a start point to evaluate
the contribution and function of different ion channels, for
example, for self-renewal and differentiation processes in
stem cells.

2. Material and Methods

2.1. Ethical Statement and Donor Information. After
informed consent was given by the donors (ethical agreement
by the University of Ulm, number 88/12) hair with intact
hair roots was gathered by plucking from the scalp after
desinfection. We used hair from healthy volunteers (age
between 24 to 45 and both male and female gender).

2.2. hiPSC Generation and Cell Culture. Keratinocytes were
obtained from plucked human scalp hair as already described
[22]. Keratinocytes were propagated in EpiLife medium with
HKGS supplement (both Invitrogen, Carlsbad, CA, USA).
hiPSCs were generated from keratinocytes by lentiviral trans-
duction of four reprogramming factors (Oct4, Sox2, Klf4,
and cMyc) as described earlier [23]. After the reprogramming
on rat embryonic fibroblasts they were maintained feeder-
free on Matrigel (BD Biosciences, Franklin Lakes, NJ, USA)
coated dishes in mTeSR1 medium (Stemcell Technologies,
Vancouver, CA, USA).

2.3. Gene Expression Microarrays. Gene expression
microarrays were performed for 6 keratinocyte samples
and 9 hiPSC samples with the Agilent Whole Human
Genome Microarray Kit (4x44k microarray kit G4112F,
Agilent Technologies, Santa Clara, CA, USA). 500 ng of total
RNA was used to produce Cy3-CTP-labeled cRNA with the
Agilent Low RNA Input Liner Amplification Kit. The cRNA

was purified and 1,65 𝜇g per array was hybridized for 17 h
at 65∘C and 10 r.p.m. Afterwards, the arrays were washed
with Agilent Gene Expression Wash Buffers one and two and
finally with acetonitrile for 1 min. The slides were scanned
using Scan Control 7.0 software with a resolution of 5 𝜇m.
Scan data was extracted with the Feature Extraction 9.1
software. Expression levels were background adjusted and
quantile normalized with the GeneSpring GX 12 software.
Differential expression between keratinocytes and hiPSCs
was analyzed using student’s t-test. A fold change > 2 and a
𝑃 value < 0.05 was considered significant and highlighted
bold (upregulation) or italic (downregulation) in the results
table. For comparisons of iPSCs with iPSC-derived neurons
published data from GSE34879 (GSM856936, GSM856937,
GSM856915, GSM856916) and for cardiomyocytes GSE17579
(GSM438022, GSM438026, GSM438034, GSM438021,
GSM438032, GSM438036) were used (both from NCBI Gene
Expression Omnibus, http://www.ncbi.nlm.nih.gov/geo/).
Fold change is shown if >2.

3. Results

3.1. Differential Expression of Ion Channels in hiPSCs Com-
pared to Keratinocytes. We first compared the expression of
various ion channel families from keratinocytes to hiPSCs
and from hiPSCs to cardiomyocytes and neurons, respec-
tively. From the 387 probes (Table 1) binding in ion channel
genes from parental keratinocytes to hiPSCs, 101 (26%)
showed a significant increase in expression (fold change > 2,
𝑃 < 0.05; labeled in bold) while 23 (6%) showed a significant
decrease (fold change > −2, 𝑃 < 0.05; labeled in italic). In a
second step differentially regulated ion channels from hiPSCs
to hiPSC-derived neurons were investigated and we found 29
ion channel transcripts to be upregulated (fold change > 2;
labeled in bold) while 6 showed a significant decrease (fold
change > −2; labeled in italic). For cardiomyocytes, mRNA
levels of only 7 ion channel members were upregulated (fold
change > 2; labeled in bold) and 10 mRNA levels showed a
significant decrease (fold change > −2; labeled in italic).

3.2. Voltage-Gated Calcium Channels. Voltage-gated calcium

channels are crucially involved in the Ca2+-influx thereby
playing an important role in calcium signaling of virtually
all cells. High-voltage-gated calcium channels include the
neural N-type channel, the poorly defined brain-specific
R-type channel, the closely related P/Q-type channel, and
the dihydropyridine-sensitive L-type channels responsible
for excitation-contraction coupling of skeletal, smooth, and
cardiac muscles as well as for hormone secretion in endocrine
cells (reviewed in [24]). While mainly permeable for calcium
ions they also show a low permeability for sodium ions. Upon
depolarization of the cell they mediate a calcium influx into
the cell. The channels consist of the main alpha subunit as well
as regulatory beta, alpha 2/delta, and gamma subunits. The 𝛼1
subunit forms the ion conducting pore while the associated
subunits have several functions including modulation of
gating [25]. CACNA1A mutations are for example involved in
ataxia [26]. We have analyzed their expression with 42 probes.
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Table 1: The expression levels for ion channel genes were compared in hiPSCs (9 samples) and keratinocytes (6 samples) via microarray.
Gene names, accession numbers, and gene symbols are shown together with the corresponding fold change and 𝑃 values. Significant changes
(defined as fold change > 2, 𝑃 < 0.05) are labeled in bold for upregulation or italic for downregulation. Accession numbers refer to the
NCBI or Ensembl (numbers starting with ENST) databases. Analyses of hiPSC-derived neurons or hiPSC-derived cardiomyocytes were
performed using published data sets from GSE34879 (neurons) and GSE17579 (cardiomyocytes). These data sets already contain both iPSCs
and differentiated progeny. Fold changes > 2 (marked bold) and < −2 (marked italic) are shown in the respective columns.

(a) Voltage-gated calcium channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Calcium channel, voltage-dependent, P/Q type,
alpha 1A subunit, transcript variant 1

NM 000068 CACNA1A 2.26𝐸 − 01 −1.32

Calcium channel, voltage-dependent, N type,
alpha 1B subunit

NM 000718 CACNA1B 7.27𝐸 − 01 −1.10

Calcium channel, voltage-dependent, N type,
alpha 1B subunit [Source: HGNC Symbol; Acc:
1389]

ENST00000277550 CACNA1B 7.15𝐸 − 01 −1.14

Calcium channel, voltage-dependent, N type,
alpha 1B subunit

NM 000718 CACNA1B 6.32E − 09 6.82

Calcium channel, voltage-dependent, N type,
alpha 1B subunit [Source: HGNC Symbol; Acc:
1389]

ENST00000277551 CACNA1B 3.32𝐸 − 02 −1.57

Calcium channel, voltage-dependent, L type,
alpha 1C subunit, transcript variant 18

NM 000719 CACNA1C 6.77𝐸 − 02 −1.37

Calcium channel, voltage-dependent, L type,
alpha 1C subunit, transcript variant 18

NM 000719 CACNA1C 5.72E − 03 2.37 2.94

Calcium channel, voltage-dependent, L type,
alpha 1D subunit, transcript variant 1

NM 000720 CACNA1D 3.83𝐸 − 01 1.58

Calcium channel, voltage-dependent, R type,
alpha 1E subunit, transcript variant 3

NM 000721 CACNA1E 3.10 𝐸−02 −4.48 2.08

Calcium channel, voltage-dependent, R type,
alpha 1E subunit [Source: HGNC Symbol; Acc:
1392]

ENST00000524607 CACNA1E 8.83𝐸 − 01 1.05

Calcium channel, voltage-dependent, L type,
alpha 1F subunit

NM 005183 CACNA1F 8.92𝐸 − 01 1.02

Calcium channel, voltage-dependent, T type,
alpha 1G subunit, transcript variant 15

NM 198397 CACNA1G 6.42𝐸 − 01 −1.12 4.60

Calcium channel, voltage-dependent, T type,
alpha 1G subunit, transcript variant 1

NM 018896 CACNA1G 5.37E − 07 6.96

Calcium channel, voltage-dependent, T type,
alpha 1H subunit, transcript variant 1

NM 021098 CACNA1H 7.38E − 10 6.78

Calcium channel, voltage-dependent, T type,
alpha 1I subunit, transcript variant 1

NM 021096 CACNA1I 2.22E − 11 37.25

Calcium channel, voltage-dependent, T type,
alpha 1I subunit, transcript variant 1

NM 021096 CACNA1I 7.56𝐸 − 02 −1.56

Calcium channel, voltage-dependent, L type,
alpha 1S subunit

NM 000069 CACNA1S 5.22𝐸 − 02 −1.97

Calcium channel, voltage-dependent, alpha
2/delta subunit 1

NM 000722 CACNA2D1 1.38E − 09 9.65

Calcium channel, voltage-dependent, alpha
2/delta subunit 2, transcript variant 1

NM 001005505 CACNA2D2 3.30E − 10 62.50 2.02

Calcium channel, voltage-dependent, alpha
2/delta subunit 3

NM 018398 CACNA2D3 5.14E − 05 5.42 2.55
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(a) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Calcium channel, voltage-dependent, alpha
2/delta subunit 3

AF516696 CACNA2D3 4.68E − 11 33.67

Calcium channel, voltage-dependent, alpha
2/delta subunit 4

NM 172364 CACNA2D4 2.95𝐸 − 01 −1.41

Calcium channel, voltage-dependent, beta 1
subunit, transcript variant 3

NM 199248 CACNB1 4.31𝐸 − 01 −1.14

Calcium channel, voltage-dependent, beta 1
subunit, transcript variant 1

NM 000723 CACNB1 8.02𝐸 − 01 −1.02

Calcium channel, voltage-dependent, beta 1
subunit, transcript variant 1

NM 000723 CACNB1 6.22𝐸 − 01 1.04

cDNA FLJ45229 fis, clone BRCAN2020972, AK128769 CACNB2 9.78𝐸 − 01 1.02

Calcium channel, voltage-dependent, beta 2
subunit, transcript variant 1

NM 000724 CACNB2 4.71E − 02 3.45

Calcium channel, voltage-dependent, beta 3
subunit, transcript variant 1

NM 000725 CACNB3 3.55𝐸 − 02 −1.93 9.56

Calcium channel, voltage-dependent, beta 3
subunit, transcript variant 1

NM 000725 CACNB3 6.61𝐸 − 01 1.09

Calcium channel, voltage-dependent, beta 4
subunit, transcript variant 1

NM 001005747 CACNB4 1.33E − 03 4.43

Calcium channel, voltage-dependent, gamma
subunit 1

NM 000727 CACNG1 9.46𝐸 − 01 1.02

Calcium channel, voltage-dependent, gamma
subunit 2

NM 006078 CACNG2 4.19𝐸 − 01 −1.29

Calcium channel, voltage-dependent, gamma
subunit 2

NM 006078 CACNG2 7.91𝐸 − 01 1.09

Calcium channel, voltage-dependent, gamma
subunit 3

NM 006539 CACNG3 2.21𝐸 − 01 −1.95

Calcium channel, voltage-dependent, gamma
subunit 4

NM 014405 CACNG4 4.93𝐸 − 01 1.14

Calcium channel, voltage-dependent, gamma
subunit 5

NM 145811 CACNG5 7.49𝐸 − 01 −1.13

Calcium channel, voltage-dependent, gamma
subunit 5 [Source: HGNC Symbol; Acc: 1409]

ENST00000169565 CACNG5 2.19𝐸 − 01 −1.56

Calcium channel, voltage-dependent, gamma
subunit 6, transcript variant 1

NM 145814 CACNG6 5.56E − 11 46.40

Calcium channel, voltage-dependent, gamma
subunit 7

NM 031896 CACNG7 3.54E − 13 1439.36 3.37

Calcium channel, voltage-dependent, gamma
subunit 7

NM 031896 CACNG7 1.82𝐸 − 01 1.26

Calcium channel, voltage-dependent, gamma
subunit 8

NM 031895 CACNG8 2.01𝐸 − 01 1.43

Calcium channel, voltage-dependent, gamma
subunit 8

NM 031895 CACNG8 1.18E − 09 9.70

(b) Sperm-associated cation channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Cation channel, sperm associated 1 NM 053054 CATSPER1 3.26𝐸 − 01 1.51

Cation channel, sperm associated 2, transcript
variant 2

NM 172095 CATSPER2 1.32 𝐸−04 −2.78
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(b) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Cation channel, sperm associated 2, transcript
variant 4

NM 172097 CATSPER2 3.12𝐸 − 02 −1.78

Cation channel, sperm associated 3 NM 178019 CATSPER3 1.50𝐸 − 03 1.93

Cation channel, sperm associated 4 NM 198137 CATSPER4 2.51𝐸 − 01 1.48

Cation channel, sperm-associated, beta NM 024764 CATSPERB 4.38𝐸 − 01 −1.25

Cation channel, sperm-associated, gamma NM 021185 CATSPERG 3.56𝐸 − 01 1.34

(c) Nicotinic acetylcholine receptors

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Cholinergic receptor, nicotinic, alpha 1 (muscle),
transcript variant 1

NM 001039523 CHRNA1 8.06𝐸 − 01 −1.10

Cholinergic receptor, nicotinic, alpha 1 (muscle),
(cDNA clone IMAGE: 4124038), with apparent
retained intron

BC006314 CHRNA1 4.64𝐸 − 01 1.47

Cholinergic receptor, nicotinic, alpha 2
(neuronal)

NM 000742 CHRNA2 6.05𝐸 − 01 −1.30

Cholinergic receptor, nicotinic, alpha 3,
transcript variant 1

NM 000743 CHRNA3 1.84E − 10 34.22

Cholinergic receptor, nicotinic, alpha 4 NM 000744 CHRNA4 6.79𝐸 − 01 1.15

Cholinergic receptor, nicotinic, alpha 4
(neuronal), exon 1

X89741 CHRNA4 2.79 𝐸−02 −2.53

Cholinergic receptor, nicotinic, alpha 5 NM 000745 CHRNA5 4.03E − 05 3.41
Cholinergic receptor, nicotinic, alpha 6,
transcript variant 1

NM 004198 CHRNA6 2.23𝐸 − 01 −1.27 2.21

Cholinergic receptor, nicotinic, alpha 7, transcript
variant 1

NM 000746 CHRNA7 4.61𝐸 − 04 1.86

Cholinergic receptor, nicotinic, alpha 7, transcript
variant 2

NM 001190455 CHRNA7 1.56𝐸 − 11 13.24

Cholinergic receptor, nicotinic, alpha 9 NM 017581 CHRNA9 6.30E − 06 6.15
Cholinergic receptor, nicotinic, alpha 10 NM 020402 CHRNA10 1.57𝐸 − 02 1.57

Cholinergic receptor, nicotinic, beta 1 (muscle) NM 000747 CHRNB1 8.07 𝐸−04 −2.47

Cholinergic receptor, nicotinic, beta 1 (muscle) NM 000747 CHRNB1 8.87𝐸 − 03 −1.92

Cholinergic receptor, nicotinic, beta 2 (neuronal) NM 000748 CHRNB2 6.03 𝐸−04 −3.01

Cholinergic receptor, nicotinic, beta 2 (neuronal)
[Source: HGNC Symbol; Acc: 1962]

ENST00000368476 CHRNB2 2.98E − 09 32.05

Cholinergic receptor, nicotinic, beta 3 NM 000749 CHRNB3 5.91𝐸 − 01 1.12

Cholinergic receptor, nicotinic, beta 4 NM 000750 CHRNB4 1.76E − 02 4.20
Cholinergic receptor, nicotinic, delta NM 000751 CHRND 9.84𝐸 − 01 1.01

Cholinergic receptor, nicotinic, epsilon NM 000080 CHRNE 3.66𝐸 − 01 −1.20

Cholinergic receptor, nicotinic, gamma NM 005199 CHRNG 6.70𝐸 − 01 1.14

(d) Cyclic nucleotide-gated channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Cyclic nucleotide-gated channel alpha 1,
transcript variant 2

NM 000087 CNGA1 7.14𝐸 − 01 1.15
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(d) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Cyclic nucleotide-gated channel alpha 1,
transcript variant 2

NM 000087 CNGA1 1.18E − 02 2.00

Cyclic nucleotide-gated channel alpha 3,
transcript variant 1

NM 001298 CNGA3 2.00𝐸 − 01 1.21

Cyclic nucleotide-gated channel alpha 4 NM 001037329 CNGA4 2.78𝐸 − 01 1.82

Cyclic nucleotide-gated channel beta 1, transcript
variant 1

NM 001297 CNGB1 9.22 𝐸−03 −2.05

Cyclic nucleotide-gated channel beta 1, transcript
variant 1

NM 001297 CNGB1 6.36𝐸 − 01 −1.13

Cyclic nucleotide-gated channel beta 3 NM 019098 CNGB3 2.93𝐸 − 01 1.78

(e) GABA receptors

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Gamma-aminobutyric acid (GABA) A receptor,
alpha 1, transcript variant 1

NM 000806 GABRA1 1.26𝐸 − 01 1.41

Gamma-aminobutyric acid (GABA) A receptor,
alpha 1, transcript variant 1

NM 000806 GABRA1 8.87𝐸 − 01 1.05

Gamma-aminobutyric acid (GABA) A receptor,
alpha 2, transcript variant 1

NM 000807 GABRA2 9.70𝐸 − 02 1.70

Gamma-aminobutyric acid (GABA) A receptor,
alpha 2, transcript variant 1

NM 000807 GABRA2 4.49𝐸 − 01 1.48

Gamma-aminobutyric acid (GABA) A receptor,
alpha 3

NM 000808 GABRA3 2.10𝐸 − 01 1.43

Gamma-aminobutyric acid (GABA) A receptor,
alpha 4, transcript variant 1

NM 000809 GABRA4 3.76𝐸 − 01 1.43

Gamma-aminobutyric acid (GABA) A receptor,
alpha 4, transcript variant 1

NM 000809 GABRA4 8.30𝐸 − 01 1.05

Gamma-aminobutyric acid (GABA) A receptor,
alpha 5, transcript variant 1

NM 000810 GABRA5 1.09E − 08 14.41

Gamma-aminobutyric acid (GABA) A receptor,
alpha 6

NM 000811 GABRA6 1.69𝐸 − 01 1.23

Gamma-aminobutyric acid (GABA) A receptor,
beta 1

NM 000812 GABRB1 1.14𝐸 − 01 1.43

Gamma-aminobutyric acid (GABA) A receptor,
beta 2, transcript variant 2

NM 000813 GABRB2 1.27𝐸 − 02 1.94

Gamma-aminobutyric acid (GABA) A receptor,
beta 3, transcript variant 1

NM 000814 GABRB3 6.70E − 10 85.93 −4.49

Gamma-aminobutyric acid (GABA) A receptor,
beta 3, transcript variant 1

NM 000814 GABRB3 1.15E − 09 115.69

Gamma-aminobutyric acid (GABA) A receptor,
delta

NM 000815 GABRD 6.26𝐸 − 02 3.02

Gamma-aminobutyric acid (GABA) A receptor,
epsilon

NM 004961 GABRE 5.83 𝐸−05 −5.47

Gamma-aminobutyric acid (GABA) A receptor,
Gamma 1

NM 173536 GABRG1 1.78𝐸 − 01 1.24

Gamma-aminobutyric acid (GABA) A receptor,
Gamma 1

NM 173536 GABRG1 1.70E − 02 2.19

Gamma-aminobutyric acid (GABA) A receptor,
Gamma 2, transcript variant 1

NM 198904 GABRG2 6.02𝐸 − 01 1.14
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(e) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Gamma-aminobutyric acid (GABA) A receptor,
Gamma 2, transcript variant 2

NM 000816 GABRG2 5.28𝐸 − 02 1.72

Gamma-aminobutyric acid (GABA) A receptor,
Gamma 2, transcript variant 2

NM 000816 GABRG2 9.47E − 09 8.41

Gamma-aminobutyric acid (GABA) A receptor,
Gamma 3

NM 033223 GABRG3 1.99𝐸 − 01 2.00

Gamma-aminobutyric acid (GABA) A receptor,
Gamma 3

NM 033223 GABRG3 1.04𝐸 − 01 1.61

Gamma-aminobutyric acid (GABA) A receptor,
pi

NM 014211 GABRP 6.62𝐸 − 01 −1.12 17.25

Gamma-aminobutyric acid (GABA) receptor,
theta

NM 018558 GABRQ 1.60𝐸 − 01 1.56

Gamma-aminobutyric acid (GABA) receptor,
theta

NM 018558 GABRQ 4.76𝐸 − 01 −1.27

Gamma-aminobutyric acid (GABA) receptor,
theta [Source: HGNC Symbol; Acc: 14454]

ENST00000370306 GABRQ 8.22E − 09 52.17

Gamma-aminobutyric acid (GABA) receptor, rho
1

NM 002042 GABRR1 8.94𝐸 − 01 −1.04

Gamma-aminobutyric acid (GABA) receptor, rho
2

NM 002043 GABRR2 2.83𝐸 − 01 1.54

Gamma-aminobutyric acid (GABA) receptor, rho
3

NM 001105580 GABRR3 3.05𝐸 − 01 −1.34

(f) Glycine receptors

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Glycine receptor, alpha 1, transcript variant 2 NM 000171 GLRA1 5.47𝐸 − 01 −1.29

Glycine receptor, alpha 2, transcript variant 1 NM 002063 GLRA2 1.17𝐸 − 01 1.42 11.41
Glycine receptor, alpha 3, transcript variant 1 NM 006529 GLRA3 5.16𝐸 − 01 −1.26

Glycine receptor, alpha 3 [Source: HGNC
Symbol; Acc: 4328]

ENST00000274093 GLRA3 8.33𝐸 − 02 1.64

Glycine receptor, alpha 3, transcript variant 1 NM 006529 GLRA3 1.46𝐸 − 01 1.41

Glycine receptor, alpha 4, transcript variant 1 NM 001024452 GLRA4 7.75𝐸 − 01 1.17

Glycine receptor, beta, transcript variant 1 NM 000824 GLRB 6.38𝐸 − 02 −1.69 6.61

(g) Ionotropic glutamate receptors

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Glutamate receptor, ionotropic, AMPA 1,
transcript variant 1

NM 000827 GRIA1 7.65𝐸 − 01 −1.20 2.06

Glutamate receptor, ionotropic, AMPA 2,
transcript variant 1

NM 000826 GRIA2 2.87𝐸 − 01 −1.87 21.26

Glutamate receptor, ionotropic, AMPA 2,
transcript variant 1

NM 000826 GRIA2 2.72𝐸 − 01 1.33

Glutamate receptor, ionotropic, AMPA 2,
transcript variant 1

NM 000826 GRIA2 6.54𝐸 − 01 1.22
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(g) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Glutamate receptor, ionotropic, AMPA 3,
transcript variant 2

NM 000828 GRIA3 5.05𝐸 − 01 1.26

Glutamate receptor, ionotropic, AMPA 3 [Source:
HGNC Symbol; Acc: 4573]

ENST00000371264 GRIA3 1.14𝐸 − 01 1.50

Glutamate receptor, ionotropic, AMPA 3,
transcript variant 2

NM 000828 GRIA3 9.05𝐸 − 01 −1.05

Glutamate receptor, ionotropic, AMPA 4,
transcript variant 1

NM 000829 GRIA4 2.30𝐸 − 02 1.80 3.73

Glutamate receptor, ionotropic, delta 1 NM 017551 GRID1 1.82𝐸 − 01 1.50

Glutamate receptor, ionotropic, delta 1 NM 017551 GRID1 5.08E − 05 3.63
Glutamate receptor, ionotropic, delta 2 NM 001510 GRID2 7.64𝐸 − 01 −1.11

Glutamate receptor, ionotropic, delta 2 NM 001510 GRID2 5.55E − 09 55.66
Glutamate receptor, ionotropic, kainate 1,
transcript variant 1

NM 000830 GRIK1 1.64𝐸 − 01 1.29 2.58

Glutamate receptor, ionotropic, kainate 2,
transcript variant 3

NM 001166247 GRIK2 1.42𝐸 − 01 1.56 2.53

Glutamate receptor, ionotropic, kainate 2,
transcript variant 1

NM 021956 GRIK2 1.14𝐸 − 01 −2.01

Glutamate receptor, ionotropic, kainate 2,
transcript variant 2

NM 175768 GRIK2 7.80𝐸 − 01 1.08

Glutamate receptor, ionotropic, kainate 3 NM 000831 GRIK3 1.58𝐸 − 01 1.64

Glutamate receptor, ionotropic, kainate 3 NM 000831 GRIK3 6.15E − 10 22.64
Glutamate receptor, ionotropic, kainate 4
[Source: HGNC Symbol; Acc: 4582]

ENST00000527524 GRIK4 1.77E − 11 18.10

Glutamate receptor, ionotropic, kainate 4 NM 014619 GRIK4 5.73𝐸 − 02 2.54

Glutamate receptor, ionotropic, kainate 5 NM 002088 GRIK5 2.65𝐸 − 03 1.79 −2.41

Glutamate receptor, ionotropic, N-methyl
D-aspartate 1, transcript variant NR1-3

NM 007327 GRIN1 1.93 𝐸−02 −3.02 2.69

Glutamate receptor, ionotropic, N-methyl
D-aspartate 1, transcript variant NR1-3

NM 007327 GRIN1 6.01𝐸 − 02 −2.45

Glutamate receptor, ionotropic, N-methyl
D-aspartate 1, transcript variant NR1-3

NM 007327 GRIN1 3.86𝐸 − 01 −1.65

Glutamate receptor, ionotropic, N-methyl
D-aspartate 2A, transcript variant 2

NM 000833 GRIN2A 6.54𝐸 − 01 1.18

Glutamate receptor, ionotropic, N-methyl
D-aspartate 2A, transcript variant 2

NM 000833 GRIN2A 9.21𝐸 − 01 −1.02

Glutamate receptor, ionotropic, N-methyl
D-aspartate 2A, transcript variant 1

NM 001134407 GRIN2A 3.32E − 10 29.85

Glutamate receptor, ionotropic, N-methyl
D-aspartate 2A, transcript variant 2

NM 000833 GRIN2A 2.63𝐸 − 01 1.55

Glutamate receptor, ionotropic, N-methyl
D-aspartate 2B

NM 000834 GRIN2B 6.64𝐸 − 01 −1.26

Glutamate receptor, ionotropic, N-methyl
D-aspartate 2C

NM 000835 GRIN2C 8.01𝐸 − 01 −1.08

Glutamate receptor, ionotropic, N-methyl
D-aspartate 2C

NM 000835 GRIN2C 5.01𝐸 − 01 1.13

Glutamate receptor, ionotropic, N-methyl
D-aspartate 2D

NM 000836 GRIN2D 4.69𝐸 − 02 −1.82

Glutamate receptor, ionotropic,
N-methyl-D-aspartate 3A

NM 133445 GRIN3A 3.28𝐸 − 01 −1.41
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(g) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Glutamate receptor, ionotropic,
N-methyl-D-aspartate 3B

NM 138690 GRIN3B 9.36𝐸 − 01 −1.02

Glutamate receptor, ionotropic, N-methyl
D-aspartate-associated protein 1 (glutamate
binding), transcript variant 1

NM 000837 GRINA 3.68 𝐸−04 −2.05 2.05

NMDA receptor glutamate-binding chain
(hnrgw), partial

U44954 GRINA 3.06𝐸 − 04 −1.81

(h) Hyperpolarization-activated cyclic nucleotide-gated channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Hyperpolarization-activated cyclic
nucleotide-gated potassium channel 1

NM 021072 HCN1 3.47E − 11 52.85

Hyperpolarization-activated cyclic
nucleotide-gated potassium channel 1

NM 021072 HCN1 1.01E − 08 9.91

Hyperpolarization-activated cyclic
nucleotide-gated potassium channel 2

NM 001194 HCN2 5.36𝐸 − 02 −1.63

Hyperpolarization-activated cyclic
nucleotide-gated potassium channel 3

NM 020897 HCN3 1.98E − 02 2.12 6.56

Hyperpolarization-activated cyclic
nucleotide-gated potassium channel 4

NM 005477 HCN4 1.01𝐸 − 01 −1.66

(i) Serotonin receptors

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

5-hydroxytryptamine (serotonin) receptor 3A,
transcript variant 1

NM 213621 HTR3A 1.99E − 03 2.77 −2.20

5-hydroxytryptamine (serotonin) receptor 3A,
transcript variant 1

NM 213621 HTR3A 2.63E − 11 11.11

5-hydroxytryptamine (serotonin) receptor 3B NM 006028 HTR3B 1.99𝐸 − 01 −1.54

5-hydroxytryptamine (serotonin) receptor 3,
family member C

NM 130770 HTR3C 4.81𝐸 − 01 1.34

5-hydroxytryptamine (serotonin) receptor 3
family member D, transcript variant 2

NM 182537 HTR3D 4.75𝐸 − 01 −1.37

5-hydroxytryptamine (serotonin) receptor 3,
family member E

NM 182589 HTR3E 1.52𝐸 − 01 −1.44

(j) Voltage-gated potassium channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Potassium voltage-gated channel, shaker-related
subfamily, member 1 (episodic ataxia with
myokymia)

NM 000217 KCNA1 1.64𝐸 − 01 2.00

Potassium voltage-gated channel, shaker-related
subfamily, member 1 (episodic ataxia with
myokymia)

NM 000217 KCNA1 1.31𝐸 − 01 1.87

Potassium voltage-gated channel, shaker-related
subfamily, member 2, transcript variant 2

NM 001204269 KCNA2 8.55𝐸 − 02 1.33
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(j) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Potassium voltage-gated channel, shaker-related
subfamily, member 2, transcript variant 1

NM 004974 KCNA2 8.33𝐸 − 01 1.06

Potassium voltage-gated channel, shaker-related
subfamily, member 3

NM 002232 KCNA3 2.43𝐸 − 01 1.76

Potassium voltage-gated channel, shaker-related
subfamily, member 4

NM 002233 KCNA4 5.75𝐸 − 01 1.11

Potassium voltage-gated channel, shaker-related
subfamily, member 5

NM 002234 KCNA5 1.76E − 04 4.11 5.63

Potassium voltage-gated channel, shaker-related
subfamily, member 6

NM 002235 KCNA6 7.20𝐸 − 02 2.28

Potassium voltage-gated channel, shaker-related
subfamily, member 7

NM 031886 KCNA7 8.53E − 03 3.67

Potassium voltage-gated channel, shaker-related
subfamily, member 7

NM 031886 KCNA7 1.04𝐸 − 01 2.39

Potassium voltage-gated channel, shaker-related
subfamily, member 10

NM 005549 KCNA10 3.32𝐸 − 01 −1.62

Potassium voltage-gated channel, shaker-related
subfamily, beta member 1, transcript variant 2

NM 003471 KCNAB1 2.70𝐸 − 01 1.46

Potassium voltage-gated channel, shaker-related
subfamily, beta member 1, transcript variant 2

NM 003471 KCNAB1 3.60E − 02 2.42

Potassium voltage-gated channel, shaker-related
subfamily, beta member 1, transcript variant 2

NM 003471 KCNAB1 7.87𝐸 − 02 3.06

Potassium voltage-gated channel, shaker-related
subfamily, beta member 2, transcript variant 1

NM 003636 KCNAB2 5.35𝐸 − 01 −1.35

Potassium voltage-gated channel, shaker-related
subfamily, beta member 2, transcript variant 1

NM 003636 KCNAB2 2.20𝐸 − 01 1.26

Potassium voltage-gated channel, shaker-related
subfamily, beta member 3 [Source: HGNC
Symbol; Acc: 6230]

ENST00000303790 KCNAB3 8.14𝐸 − 02 1.62

Potassium voltage-gated channel, shaker-related
subfamily, beta member 3

NM 004732 KCNAB3 3.66𝐸 − 01 1.35

Potassium voltage-gated channel, Shab-related
subfamily, member 1

NM 004975 KCNB1 7.42E − 08 16.32 2.59

Potassium voltage-gated channel, Shab-related
subfamily, member 2

NM 004770 KCNB2 1.54E − 05 4.58

Potassium voltage-gated channel, Shaw-related
subfamily, member 1, transcript variant A

NM 001112741 KCNC1 1.47𝐸 − 01 1.75

Potassium voltage-gated channel, Shaw-related
subfamily, member 1, transcript variant B

NM 004976 KCNC1 4.86E − 08 13.97

Potassium voltage-gated channel, Shaw-related
subfamily, member 1, transcript variant A

NM 001112741 KCNC1 2.17𝐸 − 01 1.56

Potassium voltage-gated channel, Shaw-related
subfamily, member 2, transcript variant 1

NM 139136 KCNC2 8.53𝐸 − 01 1.06

Potassium voltage-gated channel, Shaw-related
subfamily, member 2, transcript variant 2

NM 139137 KCNC2 4.04𝐸 − 01 1.34

Potassium voltage-gated channel, Shaw-related
subfamily, member 3

NM 004977 KCNC3 3.56𝐸 − 01 1.20

Potassium voltage-gated channel, Shaw-related
subfamily, member 4, transcript variant 3

NM 001039574 KCNC4 7.70𝐸 − 02 −1.40

Potassium voltage-gated channel, Shal-related
subfamily, member 1

NM 004979 KCND1 1.48E − 04 7.11

Potassium voltage-gated channel, Shal-related
subfamily, member 2

NM 012281 KCND2 1.62E − 12 91.08 2.76 −2.57
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(j) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Potassium voltage-gated channel, Shal-related
subfamily, member 2

NM 012281 KCND2 2.76E − 09 21.83

Potassium voltage-gated channel, Shal-related
subfamily, member 3 [Source: HGNC Symbol;
Acc: 6239]

ENST00000369697 KCND3 5.36𝐸 − 01 −1.36

Potassium voltage-gated channel, Shal-related
subfamily, member 3, transcript variant 1

NM 004980 KCND3 1.05𝐸 − 01 1.55

Potassium voltage-gated channel, Shal-related
subfamily, member 3, transcript variant 1

NM 004980 KCND3 4.41𝐸 − 01 1.37

Potassium voltage-gated channel, Shal-related
subfamily, member 3 [Source: HGNC Symbol;
Acc: 6239]

ENST00000369697 KCND3 3.86𝐸 − 04 −1.84

Potassium voltage-gated channel, Isk-related
family, member 1, transcript variant 2

NM 000219 KCNE1 3.53𝐸 − 01 −1.45

Potassium voltage-gated channel, Isk-related
family, member 1, transcript variant 2

NM 000219 KCNE1 3.59𝐸 − 01 1.25

KCNE1-like NM 012282 KCNE1L 1.34E − 08 4.44 −2.18

KCNE1-like NM 012282 KCNE1L 1.11E − 08 3.65
KCNE1-like NM 012282 KCNE1L 6.41𝐸 − 03 1.88

Potassium voltage-gated channel, Isk-related
family, member 2

NM 172201 KCNE2 1.41E − 04 3.93

Potassium voltage-gated channel, Isk-related
family, member 3

NM 005472 KCNE3 8.65E − 15 52.36

Potassium voltage-gated channel, Isk-related
family, member 4

NM 080671 KCNE4 5.04𝐸 − 01 1.20

Potassium voltage-gated channel, subfamily F,
member 1

NM 002236 KCNF1 2.25E − 05 6.48 2.84

Potassium voltage-gated channel, subfamily G,
member 1

NM 002237 KCNG1 8.51𝐸 − 03 −1.82

Potassium voltage-gated channel, subfamily G,
member 1

NM 002237 KCNG1 1.55𝐸 − 01 −1.65

Potassium voltage-gated channel, subfamily G,
member 2

NM 012283 KCNG2 6.21𝐸 − 02 1.32

Potassium voltage-gated channel, subfamily G,
member 3, transcript variant 1

NM 133329 KCNG3 3.74E − 11 58.95 −2.93

Potassium voltage-gated channel, subfamily G,
member 4

NM 172347 KCNG4 3.36 𝐸−03 −3.33

Potassium voltage-gated channel, subfamily G,
member 4, (cDNA clone IMAGE: 3028985)

BC008969 KCNG4 2.24 𝐸−04 −3.29

Potassium voltage-gated channel, subfamily H
(eag-related), member 1, transcript variant 1

NM 172362 KCNH1 8.05𝐸 − 01 −1.15

Potassium voltage-gated channel, subfamily H
(eag-related), member 2, transcript variant 1

NM 000238 KCNH2 5.94E − 04 37.53

Potassium voltage-gated channel, subfamily H
(eag-related), member 2, transcript variant 2

NM 172056 KCNH2 5.70𝐸 − 03 1.73

Potassium voltage-gated channel, subfamily H
(eag-related), member 3

NM 012284 KCNH3 9.65𝐸 − 01 1.01

Potassium voltage-gated channel, subfamily H
(eag-related), member 4

NM 012285 KCNH4 3.18𝐸 − 01 −1.24
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(j) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Potassium voltage-gated channel, subfamily H
(eag-related), member 5, transcript variant 2

NM 172376 KCNH5 3.04E − 03 2.96

Potassium voltage-gated channel, subfamily H
(eag-related), member 5, transcript variant 1

NM 139318 KCNH5 5.41𝐸 − 01 1.47

Potassium voltage-gated channel, subfamily H
(eag-related), member 6, transcript variant 2

NM 173092 KCNH6 2.93E − 02 3.04

cDNA FLJ33650 fis, clone BRAMY2024514,
highly similar to Rattus norvegicus Potassium
channel (erg2)

AK090969 KCNH6 2.08E − 05 12.42

Potassium voltage-gated channel, subfamily H
(eag-related), member 6, transcript variant 2

NM 173092 KCNH6 2.55E − 02 2.29

Potassium voltage-gated channel, subfamily H
(eag-related), member 7, transcript variant 2

NM 173162 KCNH7 4.63𝐸 − 01 −1.40

Potassium voltage-gated channel, subfamily H
(eag-related), member 7, transcript variant 1

NM 033272 KCNH7 7.58𝐸 − 01 −1.09

Potassium voltage-gated channel, subfamily H
(eag-related), member 8

NM 144633 KCNH8 3.00E − 09 24.57 2.97

Kv channel interacting protein 1, transcript
variant 1

NM 001034837 KCNIP1 8.33𝐸 − 02 1.96 4.24

Kv channel interacting protein 2, transcript
variant 7

NM 173197 KCNIP2 6.43𝐸 − 01 1.21

Kv channel interacting protein 2, transcript
variant 1

NM 014591 KCNIP2 2.53𝐸 − 03 1.96

Kv channel interacting protein 3, calsenilin,
transcript variant 1

NM 013434 KCNIP3 1.15 𝐸−03 −3.47

Kv channel interacting protein 4, transcript
variant 5

NM 001035003 KCNIP4 6.73𝐸 − 01 1.16 2.01

Kv channel interacting protein 4, transcript
variant 5

NM 001035003 KCNIP4 9.26𝐸 − 01 1.05

Potassium voltage-gated channel, KQT-like
subfamily, member 1, transcript variant 1

NM 000218 KCNQ1 3.31E − 09 79.52

Potassium voltage-gated channel, KQT-like
subfamily, member 2, transcript variant 5

NM 172109 KCNQ2 5.68E − 19 3408.43

Potassium voltage-gated channel, KQT-like
subfamily, member 2, transcript variant 3

NM 004518 KCNQ2 1.29𝐸 − 02 1.82

Potassium voltage-gated channel, KQT-like
subfamily, member 2, (cDNA clone IMAGE:
4154700)

BC020384 KCNQ2 1.09E − 08 37.12

Potassium voltage-gated channel, KQT-like
subfamily, member 3, transcript variant 1

NM 004519 KCNQ3 1.10𝐸 − 04 −1.69

Potassium voltage-gated channel, KQT-like
subfamily, member 4, transcript variant 1

NM 004700 KCNQ4 9.77𝐸 − 01 1.02

Potassium voltage-gated channel, KQT-like
subfamily, member 5, transcript variant 1

NM 019842 KCNQ5 9.81𝐸 − 02 −1.79

Potassium voltage-gated channel,
delayed-rectifier, subfamily S, member 1

NM 002251 KCNS1 3.39𝐸 − 01 −1.27 −2.64

Potassium voltage-gated channel,
delayed-rectifier, subfamily S, member 2

NM 020697 KCNS2 6.19𝐸 − 02 −2.45 2.11

Potassium voltage-gated channel,
delayed-rectifier, subfamily S, member 3

NM 002252 KCNS3 1.04E − 04 2.22 −2.61 −2.39

Potassium channel, subfamily T, member 1
(sodium activated)

NM 020822 KCNT1 8.51𝐸 − 02 −2.17
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(j) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Potassium channel, subfamily V, member 1 NM 014379 KCNV1 7.84𝐸 − 02 1.58

Potassium channel, subfamily V, member 2 NM 133497 KCNV2 7.63𝐸 − 01 −1.16

(k) Inwardly rectifying potassium channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Potassium inwardly-rectifying channel, subfamily
J, member 1, transcript variant rom-k5

NM 153767 KCNJ1 2.54E − 02 2.66

Potassium inwardly-rectifying channel, subfamily
J, member 1, transcript variant rom-k5

NM 153767 KCNJ1 8.51𝐸 − 01 −1.05

Potassium inwardly-rectifying channel, subfamily
J, member 2

NM 000891 KCNJ2 5.14E − 04 4.38

Potassium inwardly-rectifying channel, subfamily
J, member 3

NM 002239 KCNJ3 4.56𝐸 − 01 1.34

Potassium inwardly-rectifying channel, subfamily
J, member 4, transcript variant 1

NM 152868 KCNJ4 4.80E − 02 2.30

Potassium inwardly-rectifying channel, subfamily
J, member 5

NM 000890 KCNJ5 1.88 𝐸−08 −45.40

Potassium inwardly-rectifying channel, subfamily
J, member 5

NM 000890 KCNJ5 4.42 𝐸−12 −109.11

Potassium inwardly-rectifying channel, subfamily
J, member 6

NM 002240 KCNJ6 3.29E − 05 6.75 5.54

Potassium inwardly-rectifying channel, subfamily
J, member 8

NM 004982 KCNJ8 1.98E − 04 5.97 2.74

Potassium inwardly-rectifying channel, subfamily
J, member 9 [Source: HGNC Symbol; Acc: 6270]

ENST00000368088 KCNJ9 3.17𝐸 − 01 1.49

Potassium inwardly-rectifying channel, subfamily
J, member 9

NM 004983 KCNJ9 3.07𝐸 − 01 1.79

Potassium inwardly-rectifying channel, subfamily
J, member 10

NM 002241 KCNJ10 8.85E − 04 4.14

Potassium inwardly-rectifying channel, subfamily
J, member 10

NM 002241 KCNJ10 9.56𝐸 − 01 1.01

Potassium inwardly-rectifying channel, subfamily
J, member 11, transcript variant 1

NM 000525 KCNJ11 4.00E − 04 2.93

Potassium inwardly-rectifying channel, subfamily
J, member 12

NM 021012 KCNJ12 1.00𝐸 − 01 1.47

Potassium inwardly-rectifying channel, subfamily
J, member 12

NM 021012 KCNJ12 3.53E − 06 5.81

Potassium inwardly-rectifying channel, subfamily
J, member 13, transcript variant 1

NM 002242 KCNJ13 7.75𝐸 − 01 1.20

Potassium inwardly-rectifying channel, subfamily
J, member 14, transcript variant 2

NM 170720 KCNJ14 9.05𝐸 − 02 −1.40

Potassium inwardly-rectifying channel, subfamily
J, member 15, transcript variant 1

NM 170736 KCNJ15 3.41 𝐸−08 −150.95

Potassium inwardly-rectifying channel, subfamily
J, member 16, transcript variant 2

NM 170741 KCNJ16 2.22𝐸 − 01 −1.93
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(l) Two-P potassium channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Potassium channel, subfamily K, member 1 NM 002245 KCNK1 3.02𝐸 − 04 −1.68

Potassium channel, subfamily K, member 2,
transcript variant 1

NM 001017424 KCNK2 3.46𝐸 − 01 1.57

Potassium channel, subfamily K, member 3 NM 002246 KCNK3 9.98𝐸 − 01 1.00 2.36
Potassium channel, subfamily K, member 3 NM 002246 KCNK3 8.75𝐸 − 01 −1.10

Potassium channel, subfamily K, member 3 NM 002246 KCNK3 5.34𝐸 − 01 −1.30

Potassium channel, subfamily K, member 3
[Source: HGNC Symbol; Acc: 6278]

ENST00000302909 KCNK3 2.53𝐸 − 01 1.52

Potassium channel, subfamily K, member 4 NM 033310 KCNK4 6.21𝐸 − 01 −1.14 2.05
Potassium channel, subfamily K, member 5 NM 003740 KCNK5 1.16E − 14 29.46 −2.35 −2.03

Potassium channel, subfamily K, member 6 NM 004823 KCNK6 1.22 𝐸−06 −3.48 −2.20

Potassium channel, subfamily K, member 6 NM 004823 KCNK6 2.05 𝐸−08 −5.11

Potassium channel, subfamily K, member 6 NM 004823 KCNK6 7.04E−06 −5.22

Potassium channel, subfamily K, member 7,
transcript variant A

NM 033347 KCNK7 1.17𝐸 − 01 −1.52

Potassium channel, subfamily K, member 9 NM 016601 KCNK9 6.67𝐸 − 01 −1.29

Potassium channel, subfamily K, member 10,
transcript variant 1

NM 021161 KCNK10 2.63𝐸 − 01 −1.30

Potassium channel, subfamily K, member 10,
transcript variant 2

NM 138317 KCNK10 1.41𝐸 − 02 1.43

Potassium channel, subfamily K, member 12 NM 022055 KCNK12 4.58E − 10 23.40 −5.58

Potassium channel, subfamily K, member 13 NM 022054 KCNK13 7.65𝐸 − 01 −1.10

Potassium channel, subfamily K, member 15 NM 022358 KCNK15 4.96𝐸 − 02 −1.50

Potassium channel, subfamily K, member 15 NM 022358 KCNK15 9.10𝐸 − 01 −1.09

Pancreatic potassium channel TALK-1d;
alternatively spliced

AY253147 KCNK16 2.17 𝐸−02 −2.43

Potassium channel, subfamily K, member 17,
transcript variant 1

NM 031460 KCNK17 1.87E − 11 28.60

Potassium channel, subfamily K, member 17,
transcript variant 1

NM 031460 KCNK17 1.52E − 05 19.62

Potassium channel, subfamily K, member 18 NM 181840 KCNK18 1.77𝐸 − 01 1.61

(m) Calcium-activated potassium channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Potassium large conductance calcium-activated
channel, subfamily M, alpha member 1, transcript
variant 2

NM 002247 KCNMA1 1.01𝐸 − 02 1.84 2.01

Potassium large conductance calcium-activated
channel, subfamily M, alpha member 1, transcript
variant 1

NM 001014797 KCNMA1 3.19𝐸 − 01 1.32

Potassium large conductance calcium-activated
channel, subfamily M, alpha member 1, transcript
variant 2

NM 002247 KCNMA1 3.67E − 03 2.27

Potassium large conductance calcium-activated
channel, subfamily M, alpha member 1, transcript
variant 2

NM 002247 KCNMA1 8.53𝐸 − 02 1.44

Maxi-K channel HSLO AF349445 KCNMA1 3.04𝐸 − 01 1.44
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(m) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Potassium large conductance calcium-activated
channel, subfamily M, alpha member 1, transcript
variant 2

NM 002247 KCNMA1 2.15𝐸 − 01 −1.23

Potassium large conductance calcium-activated
channel, subfamily M, beta member 1

NM 004137 KCNMB1 7.12𝐸 − 02 −1.41

Potassium large conductance calcium-activated
channel, subfamily M, beta member 1

NM 004137 KCNMB1 2.23E − 06 7.82

Potassium large conductance calcium-activated
channel, subfamily M, beta member 2, transcript
variant 1

NM 181361 KCNMB2 3.36𝐸 − 01 1.56

Potassium large conductance calcium-activated
channel, subfamily M, beta member 2, transcript
variant 1

NM 181361 KCNMB2 1.17𝐸 − 01 1.47

Potassium large conductance calcium-activated
channel, subfamily M beta member 3, transcript
variant 1

NM 171828 KCNMB3 1.41E − 05 2.63

Potassium large conductance calcium-activated
channel, subfamily M, beta member 4

NM 014505 KCNMB4 8.85E − 12 103.99

Potassium large conductance calcium-activated
channel, subfamily M, beta member 4 [Source:
HGNC Symbol; Acc: 6289]

ENST00000258111 KCNMB4 9.22E − 10 18.40

Potassium intermediate/small conductance
calcium-activated channel, subfamily N, member
1

NM 002248 KCNN1 3.40E − 05 4.67

Potassium intermediate/small conductance
calcium-activated channel, subfamily N, member
2, transcript variant 1

NM 021614 KCNN2 1.88E − 13 22.23 −3.63

Potassium intermediate/small conductance
calcium-activated channel, subfamily N, member
3, transcript variant 1

NM 002249 KCNN3 2.58E − 06 8.25

Potassium intermediate/small conductance
calcium-activated channel, subfamily N, member
3, transcript variant 3

NM 001204087 KCNN3 1.11E − 07 15.29

Potassium intermediate/small conductance
calcium-activated channel, subfamily N, member
4

NM 002250 KCNN4 1.06𝐸 − 02 −1.84

(n) P2X receptors

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Purinergic receptor P2X, ligand-gated ion
channel, 1

NM 002558 P2RX1 7.71𝐸 − 01 1.14

Purinergic receptor P2X, ligand-gated ion
channel, 2, transcript variant 4

NM 170683 P2RX2 5.25𝐸 − 02 −1.66

Purinergic receptor P2X, ligand-gated ion
channel, 3

NM 002559 P2RX3 2.43𝐸 − 02 −1.76

Purinergic receptor P2X, ligand-gated ion
channel, 4

NM 002560 P2RX4 8.68𝐸 − 01 −1.03

Purinergic receptor P2X, ligand-gated ion
channel, 5, transcript variant 1

NM 002561 P2RX5 7.68E − 08 6.97
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(n) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Purinergic receptor P2X, ligand-gated ion
channel, 5, transcript variant 2

NM 175080 P2RX5 6.13𝐸 − 02 1.54

Purinergic receptor P2X, ligand-gated ion
channel, 6 [Source: HGNC Symbol; Acc: 8538]

ENST00000413302 P2RX6 4.13𝐸 − 01 1.68

Purinergic receptor P2X, ligand-gated ion
channel, 7, transcript variant 1

NM 002562 P2RX7 6.13𝐸 − 01 1.23

Purinergic receptor P2X, ligand-gated ion
channel, 7, transcript variant 1

NM 002562 P2RX7 9.17𝐸 − 01 1.04

(o) Transient receptor potential channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Polycystic kidney disease 2 (autosomal dominant) NM 000297 PKD2 7.48𝐸 − 07 1.79

Polycystic kidney disease 2 (autosomal dominant) NM 000297 PKD2 2.38𝐸 − 05 1.98

Polycystic kidney disease 2-like 1 NM 016112 PKD2L1 1.29E − 03 4.66
Polycystic kidney disease 2-like 2 NM 014386 PKD2L2 1.94𝐸 − 01 1.49

Polycystic kidney disease 2-like 2 NM 014386 PKD2L2 7.43𝐸 − 01 1.19

Polycystic kidney disease 2-like 2 NM 014386 PKD2L2 6.74𝐸 − 01 1.09

Transient receptor potential cation channel,
subfamily A, member 1

NM 007332 TRPA1 2.99𝐸 − 01 1.74

Transient receptor potential cation channel,
subfamily A, member 1

NM 007332 TRPA1 5.64𝐸 − 02 2.70

Transient receptor potential cation channel,
subfamily C, member 1

NM 003304 TRPC1 4.30E − 06 2.01

Transient receptor potential cation channel,
subfamily C, member 3, transcript variant 2

NM 003305 TRPC3 1.12E − 07 5.78 2.45

Transient receptor potential cation channel,
subfamily C, member 4, transcript variant alpha

NM 016179 TRPC4 3.25E − 07 25.38

Transient receptor potential cation channel,
subfamily C, member 5

NM 012471 TRPC5 1.20𝐸 − 01 1.28

Transient receptor potential cation channel,
subfamily C, member 6

NM 004621 TRPC6 1.21𝐸 − 01 2.33

Transient receptor potential cation channel,
subfamily C, member 7, transcript variant 1

NM 020389 TRPC7 6.18𝐸 − 01 −1.36

Transient receptor potential cation channel,
subfamily M, member 1

NM 002420 TRPM1 2.29𝐸 − 01 1.31

Transient receptor potential cation channel,
subfamily M, member 2, transcript variant 1

NM 003307 TRPM2 1.22𝐸 − 01 1.97

Transient receptor potential cation channel,
subfamily M, member 2, transcript variant 1

NM 003307 TRPM2 5.04𝐸 − 02 2.53

Transient receptor potential cation channel,
subfamily M, member 3, transcript variant 7

NM 206948 TRPM3 3.04E − 09 10.69

Transient receptor potential cation channel,
subfamily M, member 3 [Source: HGNC
Symbol; Acc: 17992]

ENST00000354500 TRPM3 2.34E − 03 3.74

Transient receptor potential cation channel,
subfamily M, member 3, transcript variant 7

NM 206948 TRPM3 3.41E − 06 6.23

Transient receptor potential cation channel,
subfamily M, member 3, transcript variant 9

NM 001007471 TRPM3 7.23𝐸 − 01 1.13

Transient receptor potential cation channel,
subfamily M, member 3, transcript variant 9

NM 001007471 TRPM3 1.54E − 05 2.60
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(o) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Transient receptor potential cation channel,
subfamily M, member 4, transcript variant 1

NM 017636 TRPM4 3.72𝐸 − 02 −1.89

Transient receptor potential cation channel,
subfamily M, member 5

NM 014555 TRPM5 8.21𝐸 − 01 −1.08

Transient receptor potential cation channel,
subfamily M, member 6, transcript variant a

NM 017662 TRPM6 3.80𝐸 − 01 1.64

Transient receptor potential cation channel,
subfamily M, member 6, transcript variant a

NM 017662 TRPM6 9.10𝐸 − 01 1.05

Transient receptor potential cation channel,
subfamily M, member 6, transcript variant a

NM 017662 TRPM6 5.32E − 07 5.59

Transient receptor potential cation channel,
subfamily M, member 6, transcript variant a

NM 017662 TRPM6 3.32𝐸 − 01 1.36

Transient receptor potential cation channel,
subfamily M, member 7

NM 017672 TRPM7 2.16𝐸 − 02 −1.25

Transient receptor potential cation channel,
subfamily M, member 7

NM 017672 TRPM7 3.64𝐸 − 03 −1.38

Transient receptor potential cation channel,
subfamily M, member 8

NM 024080 TRPM8 2.04𝐸 − 01 1.89

Transient receptor potential cation channel,
subfamily V, member 1, transcript variant 3

NM 080706 TRPV1 3.59𝐸 − 05 1.92

Transient receptor potential cation channel,
subfamily V, member 1, transcript variant 3

NM 080706 TRPV1 4.14E − 05 2.25

Transient receptor potential cation channel,
subfamily V, member 2

NM 016113 TRPV2 8.02E − 08 4.68

Transient receptor potential cation channel,
subfamily V, member 3

NM 145068 TRPV3 4.64𝐸 − 01 1.35

Transient receptor potential cation channel,
subfamily V, member 3

NM 145068 TRPV3 1.35𝐸 − 01 −2.39

Transient receptor potential cation channel,
subfamily V, member 4, transcript variant 2

NM 147204 TRPV4 4.33𝐸 − 01 1.39

Transient receptor potential cation channel,
subfamily V, member 5, (cDNA clone MGC:
34269 IMAGE: 5186668)

BC034740 TRPV5 1.00𝐸 − 01 1.38

Transient receptor potential cation channel,
subfamily V, member 5

NM 019841 TRPV5 3.14𝐸 − 01 −1.40

Transient receptor potential cation channel,
subfamily V, member 6

NM 018646 TRPV6 1.57𝐸 − 01 −1.38

(p) Voltage-gated sodium channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Sodium channel, voltage-gated, type I, alpha
subunit, transcript variant 2

NM 006920 SCN1A 1.98𝐸 − 01 1.54

Sodium channel, voltage-gated, type I, beta,
transcript variant b

NM 199037 SCN1B 9.95𝐸 − 01 −1.00

Sodium channel, voltage-gated, type II, alpha
subunit, transcript variant 1

NM 021007 SCN2A 4.16𝐸 − 01 1.62 5.00

Sodium channel, voltage-gated, type II, beta NM 004588 SCN2B 3.61𝐸 − 01 −1.58

Sodium channel, voltage-gated, type II, beta NM 004588 SCN2B 8.16 𝐸−04 −2.41
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(p) Continued.

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Sodium channel, voltage-gated, type III, alpha
subunit, transcript variant 1

NM 006922 SCN3A 2.87𝐸 − 01 −2.00 2.85

Sodium channel, voltage-gated, type III, alpha
subunit, transcript variant 1

NM 006922 SCN3A 1.89𝐸 − 01 1.49

Sodium channel, voltage-gated, type III, beta,
transcript variant 1

NM 018400 SCN3B 8.74𝐸 − 01 −1.06 4.70

Sodium channel, voltage-gated, type III, beta,
transcript variant 1

NM 018400 SCN3B 1.57𝐸 − 01 −1.46

Sodium channel, voltage-gated, type III, beta,
transcript variant 1

NM 018400 SCN3B 1.56𝐸 − 01 1.96

Sodium channel, voltage-gated, type IV, alpha
subunit

NM 000334 SCN4A 1.62E − 08 9.91

Sodium channel, voltage-gated, type IV, beta,
transcript variant 1

NM 174934 SCN4B 3.25 𝐸−04 −3.66

Sodium channel, voltage-gated, type V, alpha
subunit, transcript variant 1

NM 198056 SCN5A 2.43E − 08 14.10

Sodium channel, voltage-gated, type V, alpha
subunit, transcript variant 2

NM 000335 SCN5A 4.93𝐸 − 02 1.95

Sodium channel, voltage-gated, type VII, alpha NM 002976 SCN7A 4.49𝐸 − 03 1.63

Sodium channel, voltage-gated, type VII, alpha NM 002976 SCN7A 2.07𝐸 − 01 1.72

Sodium channel, voltage gated, type VIII, alpha
subunit, transcript variant 1

NM 014191 SCN8A 1.89E − 09 15.61

Sodium channel, voltage gated, type VIII, alpha
subunit, transcript variant 1

NM 014191 SCN8A 4.06E − 07 11.23

Sodium channel, voltage-gated, type IX, alpha
subunit

NM 002977 SCN9A 4.08E − 08 11.51

Sodium channel, voltage-gated, type IX, alpha
subunit

NM 002977 SCN9A 1.62𝐸 − 01 1.66

Sodium channel, voltage-gated, type IX, alpha
subunit

NM 002977 SCN9A 3.38E − 03 2.57

Sodium channel, voltage-gated, type X, alpha
subunit

NM 006514 SCN10A 4.06𝐸 − 01 1.35

Sodium channel, voltage-gated, type XI, alpha
subunit

NM 014139 SCN11A 3.02𝐸 − 01 1.57

Sodium channel, voltage-gated, type XI, alpha
subunit [Source: HGNC Symbol; Acc: 10583]

ENST00000444237 SCN11A 8.83𝐸 − 03 1.94

(q) Nonvoltage-gated sodium channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Sodium channel, nonvoltage-gated 1 alpha,
transcript variant 1

NM 001038 SCNN1A 1.33E − 09 51.49 −21.13 −10.71

Sodium channel, nonvoltage-gated 1, beta NM 000336 SCNN1B 2.11𝐸 − 01 1.64

Sodium channel, nonvoltage-gated 1, beta NM 000336 SCNN1B 5.52𝐸 − 01 1.09

Sodium channel, nonvoltage-gated 1, delta,
transcript variant 1

NM 001130413 SCNN1D 8.43𝐸 − 02 1.49

Sodium channel, nonvoltage-gated 1, gamma NM 001039 SCNN1G 2.33𝐸 − 01 1.59

Gamma subunit of epithelial amiloride-sensitive
sodium channel

X87160 SCNN1G 3.99𝐸 − 01 1.27
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(r) Two-pore channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Two-pore segment channel 1, transcript variant 1 NM 001143819 TPCN1 6.20𝐸 − 04 −1.76

Two-pore segment channel 1, transcript variant 2 NM 017901 TPCN1 1.71 𝐸−03 −2.10

Two-pore segment channel 1, transcript variant 2 NM 017901 TPCN1 3.55 𝐸−04 −2.44

Two-pore segment channel 1, transcript variant 1 NM 001143819 TPCN1 8.06𝐸 − 03 −1.83

Two-pore segment channel 2 NM 139075 TPCN2 5.06𝐸 − 01 −1.15

(s) Zinc-activated ligand-gated ion channels

Gene name Accession number
Gene

symbol
𝑃

Fold change
Ker →
hiPSC

Fold
change

hiPSC →
Neuron

Fold
change

hiPSC →
CM

Zinc-activated ligand-gated ion channel NM 180990 ZACN 9.24𝐸 − 02 1.45

During reprogramming 14 (33%) of them are significantly
upregulated while only 1 (2%) is significantly downregulated.
From iPSCs to neurons, as expected, neuronal alpha-subunits
CACNA1D, CACNA1E areupregulated together with several
neuronal channel subunits (𝛼2𝛿, 𝛽, and 𝛾). In cardiomy-
ocytes, solely the alpha subunit of the cardiac CACNA1C
is upregulated. Of note, none of the differentiated progeny
downregulated any voltage-gated calcium channels.

3.3. Sperm-Associated Cation Channels. Sperm-associated
cation channels or CatSper channels are calcium ion chan-
nels. They are flagellar proteins involved in sperm motility
and therefore affect fertility [27]. During reprogramming to
iPSCs, from seven used probes just one showed a significant
downregulation and none had a significant upregulation. We
observed nothing noteworthy in the differentiated progeny.

3.4. Nicotinic Acetylcholine Receptors. Nicotinic acetylcholine
receptors play a role in interneuronal synapses and neu-
romuscular junctions. They are composed of five subunits
as homomeric or heteromeric receptors. They are located
at the postsynaptic site and upon binding of acetylcholine
they allow the transmission of cations, especially sodium and
potassium ions, in some versions also calcium ions. This leads
to a depolarization of the membrane and triggers further
signaling pathways [28]. Several acetylcholine receptors and
subunits are thought to play roles in a variety of pathome-
chanisms, for example, psychiatric disorders, cardiovascular
diseases, or cancer [29–31]. From 21 probes, 5 (24%) showed
a significant upregulation while 3 (14%) showed a significant
downregulation from keratinocytes to iPSCs. In neurons,
solely the neuronal nicotinic acetylcholine receptorCHRNA6
alpha subunit was upregulated, none in cardiomyocytes.

3.5. Cyclic Nucleotide-Gated Channels. Cyclic nucleotide-
gated channels form tetrameric channels which—upon bind-
ing of cGMP—allow a flow of cations. For that, these channels
track the intracellular concentration of cNMPs to produce a

voltage response [32]. Their major role is the depolarization
of rod photoreceptors, but they are also found in other
tissues like olfactory sensory neurons [33], testis, kidney,
or heart [34] and play a role in cellular development such
as neuronal growth cone guidance [35]. Defects in these
genes are reported to cause retinitis pigmentosa [36]. From
7 used probes one showed a significant upregulation and
one showed a significant downregulation (both 14%) during
reprogramming, while none was differentially regulated in
differentiated neurons or cardiomyocytes.

3.6. GABA Receptors. GABA (gamma-aminobutyric acid)
receptors are ligand-gated chloride channels. Since GABA is
the main inhibitory neurotransmitter in the central nervous
system GABA receptors play an important role for the
brain function. The receptors are composed of five subunits
which form heteromers. The GABA receptors are a drug
target for anesthetics and other psychoactive drugs. We have
analyzed 29 probes within GABA receptor subunits. From
keratinocytes to iPSCs, 6 (21%) of them are significantly
upregulated while just one (3%) is significantly downreg-
ulated. Interestingly, none was up- or downregulated in
differentiated neurons, while GABRB3 was downregulated
and GABRP was upregulated in cardiomyocytes. Up to now,
more or less nothing is known about GABA receptors or their
subunits in cardiac cells.

3.7. Glycine Receptors. Glycine receptors are inhibitory recep-
tors of the postsynaptic site. They are activated by glycine
and mediate an influx of chloride ions. Accordingly, GlyRs
regulate not only the excitability of motor and sensory
neurons but are also essential for the processing of pho-
toreceptor signals, neuronal development, and inflammatory
pain sensitization [37]. The heteromeric pore is formed by
five subunits. Concerning their role in pathomechanisms,
it was reported that mutations are causing hyperekplexia
(also known as startle disease) [38]. We have analyzed 7
probes and none of them was significantly altered in hiPSCs.
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Transcript levels for the alpha2 subunit and the beta subunit
were highly upregulated in differentiated neurons, pointing
to their functional role in the nervous system.

3.8. Ionotropic Glutamate Receptors. Glutamate is the pre-
dominant excitatory neurotransmitter in the central nervous
system. Therefore, ionotropic glutamate receptors play a key
role for learning and memory processes. They are located
in the postsynaptic membrane and are composed of several
heteromeric subunits. Ionotropic glutamate receptors are fur-
ther divided into AMPA (alpha-amino-3-hydroxy-5-methyl-
4-isoxazole propionate), NMDA (N-Methyl-D-aspartate) or
kainate receptors depending on their sensitivity for the
agonists. From 36 probes, 5 (14%) showed a significantly
increased expression and 2 (6%) showed a decreased expres-
sion in iPSCs compared to keratinocytes. As expected, several
subunits were upregulated in neurons (none downregulated).
None was upregulated in cardiomyocytes, while the kainate
subtype GRIK5 was downregulated.

3.9. Hyperpolarization-Activated Cyclic Nucleotide-Gated
Channels. Hyperpolarization-activated cyclic nucleotide-
gated channels are homodimers or heterodimers and form
a hyperpolarization-activated potassium channel. CNG
channels display a very complex heteromeric structure with
various subunits and domains that play a critical role in
their function [39]. They contribute to pacemaker currents
in the heart [40] but are also found in neurons [41]. We
have analyzed 5 probes and 3 (60%) of them showed a
significant upregulation while none was downregulated after
reprogramming. In neurons the HCN3 channel transcript
was upregulated, which plays a role in several neuronal
functions including excitability of basal ganglia output
neurons [42]. Although HCN4 for example plays a critical
role in the conduction system of the heart, we did not observe
a specific regulation in cardiomyocytes.

3.10. Serotonin Receptors. Serotonin (or 5-hydroxytrypta-
mine) receptors are ligand-gated receptors mainly found
presynaptically in neurons. The type 3 receptor is the only ion
channel while the other serotonin receptors are G-protein-
coupled receptors. It forms a heteropentameric pore which
upon activation by serotonin allows the flow of sodium and
potassium, leading to a depolarization. Serotonin receptors
modulate neuronal function and are therefore involved in
various brain functions. The analysis of 6 probes for type 3
serotonin receptors showed a significant upregulation of 2
(33%, both for HTR3A) probes while none was downregu-
lated in hiPSCs. Although we expected serotonin receptors
to be upregulated during neuronal differentiation, no subunit
was upregulated in neurons or cardiomyocytes, while only
the receptor transcript for HTR3A was downregulated in
neurons.

3.11. Voltage-Gated Potassium Channels. Voltage-gated
potassium channels are composed of a large group of
subunits with different characteristics concerning for
example their inactivation speed. Functional channels

are formed by heterotetramers. The channels are highly
specific for potassium with a low affinity for sodium or other
cations. Voltage-gated potassium channels are responsible
for the repolarization of excitable cells following the
sodium-mediated excitation of an action potential and are
therefore found in neurons and other cells displaying action
potentials. We have analyzed 81 probes. From keratinocytes
to hiPSCs, 25 (31%) were significantly upregulated while
only 3 (4%) were significantly downregulated. In neurons,
several subunits were upregulated including KCNB1, coding
for Kv2.1 and KCND2, both are better known for their
role in cardiac cell excitability as well as KCNF1, KCNH8,
and KCNIP1, all known for their contribution in neuronal
excitability [43]. It should be noted that KCNT1 is actually
sodium activated but is included in the alphabetical list
for a better overview. Further, several “S” subunits were
upregulated (KCNS2 in neurons) or downregulated (KCNS3
in neurons; KCNS1 and 3 in cardiomyocytes). These subunits
are unable to form functional channels as homotetramers
but instead heterotetramerize with other alpha-subunits to
form conductive channels. These subunits are involved in
modifying the channels response and conductivity [44]. Few
is known about distinct roles in other tissues, but they were
associated with for example, pain modulation [45] or airway
responsiveness [46].

3.12. Inwardly Rectifying Potassium Channels. Inwardly rec-
tifying potassium channels have a higher tendency to allow
the flow of potassium ions into the cell rather than to
the outside of the cell. Therefore, they play an important
role in the maintenance of the resting membrane potential.
Their activation is constitutive or controlled by ATP binding
and G-proteins [47]. Functional channels are formed as
homo- or heterotetramers. These channels can be found
predominantly in neurons, cardiac myocytes, the pancreas, or
the kidneys. From 20 analyzed probes in hiPSCs compared
to keratinocytes, 8 (40%) showed a significant upregulation
and 3 (15%) were significantly downregulated. The GIRK2
channel encoded byKCNJ6 is upregulated in neurons playing
multiple roles in various tissues including the pancreas and
brain [48, 49] and is associated with epileptic seizures in mice
lacking the gene [50]. On the other hand, Kir6.1, encoded
by KCNJ8, is upregulated in cardiomyocytes and has been
reported to be involved in the pathogenesis of cardiac arrest
in the early repolarization syndrome [51].

3.13. Two-P Potassium Channels. Two-P potassium channels
contain two pore-forming P domains. After dimerization
they form an outward rectifying potassium channel. They
can be found in several tissues and are activated by various
chemical or physical means (TRAAK channels). We have
analyzed 23 probes. 4 (17%) of them were significantly
upregulated while 4 (17%) were significantly downregulated.
In neurons KCNK3, vital for setting the resting membrane
potential and primary target for volatile anesthetics [52] as
well as KCNK4, which is mechanically gated and contributes
to axonal pathfinding, growth cone motility, and neurite
elongation, as well as possibly having a role in touch or
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pain detection [53, 54], were upregulated. KCNK5 and 6
were downregulated. In cardiomyocytes, downregulation of
KCNK5 and 12 was observed.

3.14. Calcium-Activated Potassium Channels. Calcium-
activated potassium channels are mostly activated by
intracellular calcium; some family members are also voltage
gated. The family consists of large, intermediate, and
small conductance family members. Channels are formed
by two units (KCNM family) or most commonly four
units (KCNN family). They are involved in, for example,
afterhyperpolarization following the action potential and
are predominantly found in neurons. Additionally, they
are known to play different roles in cellular mechanisms,
including stem cell biology [4–6, 55]. We have analyzed 18
probes of which 9 (50%) were significantly upregulated and
none was significantly downregulated after reprogramming.
In neurons, solely KCNN2 was downregulated, while in
cardiomyocytes KCNMA1, encoding the large conductance
BK-channel, involved in heart rate regulation [56], was
upregulated.

3.15. P2X Receptors. P2X receptors are receptors for extra-
cellular ATP and upon activation open a channel for ions,
predominantly calcium. The channel is formed by homo-
or heterotrimers. They are found in several tissues, mainly
in the nervous system and muscle tissue. They are involved
in a range of physiological processes such as modulation of
synaptic transmission, vascular tone, cardiac rhythm, and
contractility and immune response [57–61]. In stem cells an
influence of P2X receptors on embryonic stem cell prolifer-
ation was reported [62]. From the 9 analyzed probes 1 (11%)
was significantly upregulated and none downregulated. None
of these receptors/channels was regulated in differentiated
progeny.

3.16. Transient Receptor Potential Channels. Transient recep-
tor potential channels (TRP channels) are nonselective cation
channels. They show different preferences for cations, as
well as different activation mechanisms and functions. TRP
channels are broadly expressed throughout the organism and
mediate multiple functions. These include amongst others
sensor activity for a wide range of hypertrophic stimuli
and mutations in TRPM4 are now recognized as causes
of human cardiac conduction disorders (reviewed in [63]).
Furthermore, TRP channels are related to the onset or
progression of several diseases, and defects in the genes
encoding TRP channels (so-called “TRP channelopathies”)
underlie certain neurodegenerative disorders due to their

abnormal Ca2+ signaling properties (reviewed in [64]). Addi-
tionally, TRP channels influence stem cell differentiation
and survival [65, 66] and are involved in neuronal-stem-
cell-derived development [67]. We have analyzed 40 probes.
After reprogramming, 11 (28%) of them were significantly
upregulated and none was significantly downregulated. In
neurons, none of these channels was noteworthily regulated
while solely TRPC3 was upregulated in cardiomyocytes,
reported to be involved in conduction disturbances induced

by adenosine receptor A1AR by enhanced Ca2+ entry through
the TRPC3 channel [68].

3.17. Voltage-Gated Sodium Channels. Voltage-gated sodium
channels consist of a main alpha unit and some optional
modulating or regulatory subunits. They are highly selective
for sodium and are involved in a variety of cellular functions
including action potential formation [69]. From 24 probes
we have analyzed, 6 (25%) were significantly upregulated
and two (8%) were significantly downregulated from ker-
atinocytes to iPS cells. These channels seem to be expressed
in different kinds of stem cells and during development [70–
72]. It was further reported that, for example, SCN5A, highly
upregulated in iPS cells, is involved in cancer stem cell inva-
sion [73]. SCN2A, SCN3A, and SCN3B were upregulated in
neurons, described to be involved in neuronal excitation and
epilepsy pathogenesis [74]. Although voltage-gated sodium
channels play multiple roles also in the cardiac system [70,
75, 76], we observed no changes of this channel family in
cardiomyocytes.

3.18. Nonvoltage-Gated Sodium Channels. Epithelial
nonvoltage-gated sodium channels are amiloride sensitive.
They form heterotrimers and are involved in ion and fluid
transport across epithelia in several organs. We have analyzed
6 probes and one (17%) of them was significantly upregulated
while none was significantly downregulated. Interestingly,
the upregulated SCNN1A in iPS cells was subsequently
downregulated both in neurons and cardiomyocytes,
pointing to a possible function in stem cells. Of note, it was
shown already that repression of pluripotency by retinoic
acid represses the SCNN1A gene together with several other
pluripotency factors [77].

3.19. Two-Pore Channels. Two-pore channels are cation-
selective ion channels activated by the second messenger
nicotinic acid adenine dinucleotide phosphate (NAADP).
Upon activation calcium is released from intracellular stores
[78]. We have analyzed 5 probes and while none of them
was significantly upregulated two (40%) were significantly
downregulated from keratinocytes to iPS cells. None of these
channels was regulated in neurons or cardiomyocytes.

3.20. Zinc-Activated Ligand-Gated Ion Channels. The zinc-
activated ligand-gated ion channel is activated upon binding
of zinc. Until now just one family member is known that
is expressed in several tissues [79]. Its exact function is not
known. The expression was not significantly altered as shown
by one probe in all cells.

4. Discussion

Although ion channels are mainly known for their role in
electrically excitable cells they can be found in almost all
tissues and are additionally involved in various processes
such as cell differentiation and maturation [3, 4, 6, 12,
24, 47, 70]. These large groups of channel proteins are
still underestimated concerning their role during embryonic
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development and cell fate determination. One of the most
interesting in vitro models for the elucidation of both devel-
opmental processes and disease-specific cellular impairments
is represented by pluripotent stem cells. Therefore we were
interested in the set of ion channels expressed in hiPSCs after
reprogramming and compared this set with iPSC-derived
differentiated progeny, namely, neurons and cardiomyocytes.
As little is known about ion channels in hiPSCs we aimed
to start the analysis with gene expression microarray data.
For a comparison, we chose the cells from which they
were produced—namely, keratinocytes—as the reference cell
type. The comparison of 6 keratinocyte samples with 9
hiPSC samples should minimize the often observed variances
between hiPSC lines. We found out that almost a third (32%)
of the ion channel probes we investigated showed a significant
change in gene expression. Of note, this was mostly an
upregulation. Additionally, while many ion channel genes
were not expressed in keratinocytes they were present in
hiPSCs. This indicates that several of the analyzed channel
groups might play unknown roles in stem cell biology, for
example, homeostasis, proliferation, or differentiation. Inter-
estingly, after differentiation into neurons or cardiomyocytes,
relatively small groups were subsequently regulated. This
includes ion channel transcripts playing important roles in
the respective tissues. Nevertheless, we compared already
published sets of data from different experimental setups
and additionally limited the analysis to a strong fold regu-
lation. This might lead to high dropout rates of regulated
genes during measurement. Still, various channel transcripts
were “logically” up- or downregulated during differentia-
tion into neurons or cardiomyocytes, following embryonic
development. iPS cells and especially patient-specific iPS cells
from persons suffering from genetic mutations leading to
hereditary syndromes are a very valuable tool to investigate
pathogenetic mechanisms and disease associated molecular
and cellular changes [80–82]. As various channel subtypes
are involved in multiple pathogenetic mechanisms it would
be further interesting to analyze channel transcript regulation
in patient specific iPS cells and their differentiated progeny to
elucidate possible disease-specific pathways.

Concerning the presented study it is clear that gene
regulations on transcript level do not explicitly mimic either
protein levels and posttranslational modifications or protein
activity. This set of data is sought to describe a global overview
on transcript regulation of ion channels during distinct steps
of development. It should be noted that in cases where
several probes bind within one gene they do not indicate the
same upregulation. Sometimes they show the same trend but
miss significance, but for some cases there are considerable
differences. This could hint for some yet unknown splicing
variants. More detailed studies of these hypothesized splice
variants could give insights into their function and broaden
the still scarce knowledge.

This work is intended to be a guide and start point for
future work focusing on single channels and their composi-
tion, localization, and function in hiPSCs and their differenti-
ated progeny. These studies could lead to better in vitro differ-
entiation protocols but also explain some of the many disease
pathomechanisms related to mutations in ion channel genes.
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Consistent left-right asymmetry in organ morphogenesis is a fascinating aspect of bilaterian development. Although embryonic
patterning of asymmetric viscera, heart, and brain is beginning to be understood, less is known about possible subtle asymmetries
present in anatomically identical paired structures. We investigated two important developmental events: physiological controls
of eye development and specification of neural crest derivatives, in Xenopus laevis embryos. We found that the striking
hyperpolarization of transmembrane potential (Vmem) demarcating eye induction usually occurs in the right eye field first. This
asymmetry is randomized by perturbing visceral left-right patterning, suggesting that eye asymmetry is linked to mechanisms
establishing primary laterality. Bilateral misexpression of a depolarizing channel mRNA affects primarily the right eye, revealing
an additional functional asymmetry in the control of eye patterning by Vmem. The ATP-sensitive K+ channel subunit transcript,
SUR1, is asymmetrically expressed in the eye primordia, thus being a good candidate for the observed physiological asymmetries.
Such subtle asymmetries are not only seen in the eye: consistent asymmetry was also observed in the migration of differentiated
melanocytes on the left and right sides. These data suggest that even anatomically symmetrical structures may possess subtle but
consistent laterality and interact with other developmental left-right patterning pathways.

1. Introduction

Consistent (directionally biased) left-right asymmetry of vis-
cera, heart, and brain is overlaid upon the overall bilaterally
symmetric body plan of a wide range of organisms [1, 2].
Errors in this process form an important class of human birth
defects [3–5]. Thus, understanding left-right patterning and
the interaction of individual organ systems with the axial
polarity of the body is of great interest for both basic
evolutionary developmental biology and for the biomedicine
of birth defects. Likewise, the highly lateralized functions of
the brain (e.g., language, speech, and handedness) and their
partial disconnect from anatomical left-right asymmetry
have been a fascinating topic under study for several decades
[6, 7].

Recent studies have identified numerous genetic [8–13],
biophysical [14–16], and physiological [17–21] mechanisms
that underlie large-scale left-right asymmetry and the situs

of asymmetric organs. However, much less well-understood
are subtle asymmetries occurring in paired body structures
which are anatomically symmetrical [14].

Such asymmetries manifest in several ways. First, quanti-
tative morphometrics of paired structures can reveal cryptic
polarity that may not be apparent from gross morphological
examination [22]; insect wings are a good example of this
phenomenon [23, 24], as are human foot size [25] and sex
organ placement [26]. It is crucial to note that such biased
examples of left-right patterning (where the asymmetry is
coordinated in a consistent fashion with the other two
major axes) are a distinct phenomenon from fluctuating
asymmetry, which involves simple differences between the
left and right sides derived from developmental noise [27,
28].

Second, differences of gene expression have been
described in seemingly symmetric body structures. These
include consistent differences in the timing of highly
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dynamic bilateral transcriptional waves that drive the seg-
mentation clock of somitogenesis [29–31], as well as long-
term asymmetries in expression of markers such as EGF-like
growth factors and MLC3F [32, 33].

Perhaps the most interesting types of subtle asymmetries
are those that are revealed only under functional pertur-
bation. It has long been known that consistently sided
unilateral limb defects are induced in rodents by some
compounds such as cadmium [34–36]. Spontaneous genetic
defects sometimes uncover biased asymmetries, as seen in
several human syndromes that unilaterally affect the limbs
[37], face [38], or hips [39]. Holt-Oram syndrome (Tbx5
related) presents upper limb malformations which are much
more common on the left side [37, 40–42], while fibular
hypoplasia affects the right side more often [43]. Indeed, a
variety of human syndromes affecting paired organs have a
significant bias for one side [39]. Curiously, unilateral defects
in otherwise symmetrically placed structures (e.g., teeth) in
monozygotic twins exhibit a mirroring-opposite sidedness in
the two twins (reviewed in [44]). Hemihyperplasia [45, 46],
a rare phenomenon where one side of the body abnor-
mally overgrows, is right biased [47]. Importantly, targeted
molecular-genetic experiments in tractable model systems
are beginning to reveal entry points into this process; for
example, attenuated FGF8 signaling results in consistently
biased left-right asymmetric development of the pharyngeal
arches and craniofacial skeleton in zebrafish [48].

Most studies of asymmetry use cardiac and visceral situs
as readout, focusing on mechanisms that determine the
laterality of major body organs. However, the consistent
asymmetries revealed in the above examples hint at the
possibility that left-right identity (resulting from tissues’
interactions with the pathways that establish the left-right
axis) could be far more prevalent throughout the body than
is currently appreciated. What signaling pathways might
underlie laterality information in anatomically symmetrical
tissues? While most work on morphogenetic controls focuses
on biochemical pathways [49, 50] and physical forces [51,
52], exciting recent as well as classical data demonstrate the
importance of endogenous bioelectrical determinants of cell
behavior and large-scale patterning [53–59]. We thus focused
our search on asymmetries that manifest at the level of
functional physiology.

Prior work in the planarian flatworm model system
revealed that during head regeneration, the right eye was
significantly more sensitive to inhibition of the H, K-ATPase
ion pump than the left, in terms of frequency of induced
patterning defects [60]. In our efforts to understand the
functions of spatial gradients in transmembrane potential
(Vmem) during vertebrate development and regeneration
[18, 61–65], we examined eye development in embryos of
Xenopus laevis. Using a noninvasive assay with a fluorescent
reporter of Vmem [66, 67], it was found that the nascent
eye fields are demarcated by a localized hyperpolarization
of Vmem [68, 69]; strikingly, this physiological signature of
eye fate is consistently biased, with cells on the right side
of the midline hyperpolarizing first. We also report similar
consistent subtle asymmetries in the migratory behavior
of neural crest-derived melanocytes. Here, we molecularly

characterize this novel asymmetry, revealing that physiolog-
ical analysis can uncover cryptic differences in patterning
information not apparent from molecular marker analysis
or anatomical examination. Understanding such subtle func-
tional asymmetries may become useful in addressing and
targeting diseases with asymmetric manifestations.

2. Results

2.1. Eye Field Cells Exhibit a Consistently Asymmetric Vmem.
Vmem plays a crucial functional role in defining the eye fields
during the development of the Xenopus embryo [68, 70].
Using the fluorescent voltage-sensitive reporter dye CC2-
DMPE [71] in vivo to characterize real-time changes in
membrane potential [17, 65, 72], we discovered a novel
physiological asymmetry between the left and right eye
primordia. At stage 18, normal Xenopus embryos exhibit
bilateral clusters of cells with a more strongly polarized
Vmem than their neighbors around the putative eye region
(Figure 1(a), red arrowheads [68]). Surprisingly, real-time
imaging analysis revealed that the right eye field is polarized
first, followed by polarization of the left eye field (Figures
1(a) and 1(b)). Though not absolute, this physiological
asymmetry is consistently biased, since more than 3-fold as
many embryos polarized first on the right compared to those
that began polarization on the left (Figure 1(b); N = 44,
P < 0.001, Chi-squared test comparison with an unbiased
expectation). In addition to the significant asymmetry at one
key timepoint, we followed 6 individual embryos (imaged
through eye development stages) to estimate the temporal
difference between hyperpolarization events on the two
sides. At 20◦C, 4 embryos exhibited a 30 min delay in the
hyperpolarization of the left eye spot, while 2 embryos
exhibited a 20 min delay in the appearance of the left eye
spot hyperpolarization. We conclude that eye development
in Xenopus is inherently asymmetric, with the right eye
field most often initiating the endogenous program of
polarization.

Previous studies in chick and mouse embryos have
shown that somites, though anatomically symmetrical, also
exhibit an underlying asymmetry [30, 73]. Somites are
shielded from this inherent asymmetry by the action of
retinoic acid (RA) signaling, resulting in symmetrical devel-
opment. In order to determine whether the asymmetry in
eye signals is due to an incomplete shielding effect of RA-
dependent signaling, we treated embryos with 1.5 μM of the
broad-spectrum RA receptor inhibitor Ro-415253. Ro-41-
5253 at this concentration has previously been shown to
affect RA signaling in Xenopus [74]. We used a previously
documented midline marker—Sonic Hedgehog (Shh), to
further confirm the effect of Ro-41-5253. Xenopus embryos
were left untreated (Controls) or treated with Ro-41-5253
(1.5 μM), and the Shh expression was evaluated at stage
18 by in situ hybridization (Figure 1(c)). Control embryos
showed Shh expression as a thin line along the dorsal
midline (Figure 1(c), (i) white arrowhead). However, Ro-
41-5253-treated embryos (>90%) showed a clear increase
in Shh expression along the midline (Figure 1(c), (ii) blue
arrowhead) as previously documented [74]. This change
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Figure 1: Rightward bias in induction of polarization signal regulating eye development. (a) Incubation in voltage-sensitive CC2-DMPE dye
of multiple Xenopus embryos tracked from stage 18 to stage 20 shows the representative temporal progression of hyperpolarization signal
(red arrowheads) during development (ii)–(v). White arrowheads indicate the lack of a coherent (contiguous) spot of signal. (vi) Color
bar representing the scale of relative depolarization and hyperpolarization as seen with the CC2-DMPE dye. (b) Bar graph comparing a
group of Xenopus embryos (n = 44) that were tracked individually and analyzed for the first detectable hyperpolarization signal using CC2-
DMPE; a significant bias is observed favoring the right side. A pairwise comparison and Chi-squared test analysis were done between the
groups. (c) In situ hybridization analysis of Sonic Hedgehog (Shh) signal in stage 18 Xenopus embryos either untreated (control) ((i) white
arrowhead) or treated with 1.5 μM retinoic acid receptor inhibitor Ro-41-5253 ((ii) blue arrowhead) from midgastrula stage. Ro-41-5253
treatment significantly enhances the Shh expression signal in 92% of treated embryos (n = 29). (d) Categorical data analysis using a ternary
plot shows that the treatment with Ro-41-5253 (1.5 μM) that inhibits retinoic acid receptor signal resulted in no significant change in the
rightward bias of polarization signal (as observed via CC2-DMPE staining) involved in Xenopus eye development. In control (untreated)
embryos the polarization was 51.5% right first, 26.5% left first, and 22% simultaneous (n = 72). In the Ro-41-5253-treated embryos the
polarization was 48% right first, 25% left first, and 27% simultaneous (n = 126). The circles in the plot represent 95% confidence intervals.
Using the calculations provided by a ternary plot algorithm (https://webscript.princeton.edu/∼rburdine/stat/three categories), the results
are statistically significant only when there is no overlap of the confidence intervals.



4 Stem Cells International

in Shh expression confirms that at 1.5 μM Ro-41-5253 is
effective in inhibiting RA receptor signaling.

The effect of Ro-41-5253 on the asymmetric eye polar-
ization signal was analyzed in stage 18 embryos using the
CC2-DMPE voltage reporter dye. Each treatment (control
and Ro-41-5253) was plotted on a ternary graph using
three measures of eye-related polarization signal (right
first, left first, and simultaneous) according to the meth-
ods described previously [75] (Figure 1(d)). The circles
in the plot represent respective error regions of 95%
confidence intervals. Using the calculations provided by a
ternary plot algorithm (https://webscript.princeton.edu/∼
rburdine/stat/three categories), the results are considered
statistically significant (P < 0.05) when there is no overlap
of the 95% confidence intervals. Analysis of the polarization
signal in the Ro-41-5253-treated embryos at stage 18 showed
a significant right side first bias (n = 126) (right first 48%,
left first 25%, and simultaneous 27%) (Figure 1(d), green
circle), similar to that of control/untreated embryos (n = 72)
(right first 51.5%, left first 26.5%, and simultaneous 22%)
(Figure 1(d), red circle; P > 0.05, ternary plot algorithm).
Thus, RA signaling does not play a role in the right-side-first
bias of Vmem signal in the eye primordia.

2.2. Eye Field Vmem Asymmetry Is Perturbed by Disruption of
pH-Mediated Left-Right Patterning. We next asked whether
eye asymmetry is controlled by the same pathway that
governs left-right patterning of the heart and viscera. We
used low-pH treatment at cleavage stages to specifically
induce randomization of asymmetric gene expression and
subsequent organ situs; this is known to interfere with
the earliest steps of left-right patterning by inhibiting the
proton efflux of the plasma-membrane H+ V-ATPase which
is required for normal laterality [17]. The very early timing
of this treatment ensured that it could not affect eye
development directly but rather allowed us to ask whether
randomization of the body’s main left-right patterning
pathway likewise randomized the observed physiological eye
asymmetry. The efficacy of our loss-of-function treatment
upon normal left-right asymmetry was confirmed by scoring
the tadpoles at stage 45 for altered sidedness of the heart,
gut, or gallbladder. Normal tadpoles (untreated, Figure 2(a)
(i)) have a right-ward looping heart (red arrow), a left-
sided gut coil (yellow arrow), and a right-sided gallbladder
(green arrow). In contrast, treated tadpoles (Figure 2(a), (ii)-
(iii)) showed randomization of the positions of the heart,
gut, and gallbladder (independent assortment of organs), as
described previously [76, 77], in the absence of generalized
toxicity or other malformations (including any dorsoanterior
defects). Heterotaxia was induced in 19% of embryos
(Figure 2(b)) (the degree of the pH perturbation was kept
well below extreme values to be compatible with continued
development, to avoid dorsoanterior malformations that
might confound analysis of eye development, resulting in
a submaximal randomization penetrance). Each treatment
(control and pH) was plotted on a ternary graph as described
above; the results are considered statistically significant (P <
0.05, ternary plot algorithm) when there is no overlap of

the 95% confidence intervals. Analysis of the polarization
signal in the siblings of treated embryos at stage 18 showed
that the rightward bias seen in the normal embryos (n =
191) (right first 51%, left first 23%, and simultaneous
26%) (Figure 2(c)) was significantly randomized in treated
embryos (n = 105, P < 0.05, ternary plot algorithm)
(right first 31%, left first 39%, and simultaneous 30%)
(Figure 2(c)). We conclude that the determination of eye
field voltage asymmetry is downstream of early ion flow
dynamics, as is the positioning of the heart and viscera
[8, 78].

2.3. Eye Fields Are Asymmetrically Sensitive to Perturbation
of Vmem. To determine whether functional asymmetries
(differential sensitivity to perturbation of voltage levels, as
previously observed in planaria by [60]) are present in
the eye field in addition to the asymmetric endogenous
sequence of polarization, we experimentally depolarized the
cells’ Vmem using a carefully titered strategy that allowed
us to manipulate Vmem and affect subtle bioelectrically
controlled processes without inducing generalized toxicity
or massive malformation [68]. We capitalized upon the
glycine-gated chloride channel [79], which can be opened
by exposure to the compound Ivermectin (IVM) [80]—
a convenient method of controlling cellular potential that
we have previously used to probe the role of Vmem in
eye induction and metastatic-like transformation [62, 68].
Under normal conditions and standard 0.1X MMR external
medium supplemented with Ivermectin, misexpression of
these channels depolarizes cells (since the negatively charged
chloride ion leaves GlyR-expressing cells down its concen-
tration gradient [62]). We recently showed that injection of
GlyR mRNA indeed alters the polarization pattern observed
in the putative eye region and affects eye patterning [68].

Because the eyes are derived from the dorsal blastomeres
at the 4-cell stage [88], we injected GlyR mRNA into the
2 dorsal cells and developed the embryos to stage 42.
On average 45% of the affected embryos showed defects
in only one eye; interestingly, there was a significant bias
(2.5-fold) towards defects in the patterning of the right
eye (Figure 2(d); P = 0.0007, Chi-squared test). As a
control, we injected in a similar manner a dominant-
negative Pax6 (DNPax6) mRNA which had been previously
shown to disrupt Xenopus eye development [68, 89]. No
statistically significant bias toward right (30%) or left (27%)
eye malformation was observed among animals with only
1 eye affected (total 57% with one eye defect) (P > 0.05;
n = 294 Chi-squared test in comparison with an unbiased
expectation; Figure 2(e)), suggesting that the Pax6 signal
during eye patterning is left-right neutral.

From these results, we conclude that morphogenesis of
the right eye is more sensitive to perturbation of Vmem than
is that of the left.

2.4. KATP Channel Probes Reveal Asymmetric Expression in
the Eye Tissues of Developing Embryos. We next sought to
determine the molecular basis for the observed asymmetry
in transmembrane potential of the eye fields. Asymmetries
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Figure 2: Right-ward bias in eye development is linked to the body left-right axis. (a) (i) Brightfield images of tadpoles at stage 45
showing normal positioning of the organs (situs solitus); rightward looping heart (red arrow), leftward coiling of gut (yellow arrow), and
right side placement of gallbladder (green arrow) along the left-right axis in untreated controls. (ii)-(iii) Brightfield images of tadpoles
at stage 45 after incubation in pH 4.00 0.1XMMR. (ii) Showing heterotaxic positioning of organs; rightward looping heart (red arrow)
rightward coiling of gut (yellow arrow), and left side placement of gallbladder (green arrow). (iii) Showing inverse positioning of the
organs (situs inversus); leftward looping heart (red arrow), rightward coiling of gut (yellow arrow), and left side placement of gallbladder
(green arrow) along the left-right axis in tadpoles. (b) Bar graph showing percentage of embryos with heterotaxia upon incubation in
0.1XMMR (pH 4) (n = 481) in comparison to untreated controls (n = 419). The controls and treated groups were analyzed using Chi-
squared test. (c) Categorical data analysis using a ternary plot shows that treatment with pH = 4 0.1XMMR that induced left-right body
axis randomization also resulted in randomization and loss of the rightward bias of the polarization signal (observed via CC2-DMPE
staining) involved in Xenopus eye development. In control embryos the polarization bias was 51% right first, 23% left first, and 26%
simultaneous. The pH = 4 0.1XMMR-incubated embryos showed randomization of polarization signal 31% right first, 39% left first, and
30% simultaneous. The circles in the plot represent 95% confidence intervals. Using the calculations provided by a ternary plot algorithm
(https://webscript.princeton.edu/∼rburdine/stat/three categories), the results are statistically significant (P < 0.05) when there is no overlap
of the confidence intervals. (d) Bar graph showing right-ward bias in malformed eye upon perturbation of polarization signal. Embryos were
injected with GlyR in the dorsal two cells (eye precursor cells) at the 4-cell stage and treated with IVM to induce depolarization in injected
cells. Percentages of phenotypic embryos with a single malformed eye are depicted (n = 763). Data was analyzed using a Chi-square test
comparing the right and left groups. (e) Bar graph showing no left-right bias in malformed eye upon perturbation of Pax6. Embryos were
injected with DNPax6 in the dorsal two cells (eye precursor cells) at 4-cell stage. Percentages of phenotypic embryos with a single malformed
eye are depicted. Data was analyzed using a Chi-squared test (n = 294).

in Vmem with significant consequences for cell behavior
are often driven by differential expression of ion channels
[90–92]. KATP channels [93] are octamers formed from 4
proteins from the inward-rectifying potassium family Kir6.x
(either Kir6.1 or Kir6.2) associated with 4 sulphonylurea
receptors (SUR1 and SUR2). We had previously found that
altering the bioelectric state with dominant negative Kir

constructs that target endogenous KATP channels result in
the formation of ectopic eyes [68]. Hence, we analyzed the
expression pattern of KATP channel subunits in Xenopus
embryos [94] by in situ hybridization at stage 18 and stage 30.

Previously characterized KATP channel genes [87, 95] showed
no asymmetric expression in the relevant tissues; however,
probes made against the murine KATP genes revealed a
striking set of expression patterns.

Probes for all four KATP channel subunits revealed signal
mainly in the head, including the putative eye regions at
stage 18 (Figure 3(a), (i)–(iv) blue arrowheads) and intensely
stained the developing eye at stage 30 (Figure 3(a), (v)–
(viii) blue arrowheads). Stage 30 embryos also showed
expression in the neural tube (Figure 3(a), (v), (viii)). Stage
30 embryos were sectioned as illustrated in Figure 3(b).
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Figure 3: KATP channels are expressed in the putative eye regions and in the eye tissue in a left-right asymmetric manner. (a) Xenopus
embryos at stage 18 (i)–(iv) and stage 30 (v)–(viii) were analyzed by in situ hybridization for KATP channel subunits showing their presence
in the putative eye region ((i)–(iv) blue arrowheads) as well as in differentiated eye tissue ((v)–(viii) blue arrowheads). All four subunits
(Kir6.1, Kir6.2, SUR1, and SUR2) were found to be present in the putative and developed eye tissue. In addition to the eye tissue, the KATP

channel subunits were also present in the general head region and the dorsal region of the trunk. Illustration shows a stage 18 embryo with
the dorsal-ventral and the left-right axes. (b) Transverse JB4 sections of in situ hybridized Xenopus embryos at stage 30 (i)–(iv) showing
left-right distribution of the KATP channel subunits. Illustration shows the plane of sectioning of the stage 30 embryo. Kir6.1 expression is
found in the inner retinal part of the eye vesicle ((i) blue arrowheads) and in the brain especially in the cells lining the ventricle and in some
cells surrounding the eye tissue. Kir6.2, SUR1, and SUR2 expression is found in the inner layer of the 2-layer epidermis with intense staining
at the lens placode ((ii)–(iv) blue arrowheads). Kir6.1, Kir6.2, and SUR2 expression is symmetric ((i), (ii), and (iv) blue arrowheads). SUR1
shows asymmetric distribution ((iii) red and blue arrowheads) where red arrowheads indicate the side with lessened expression. Scale bars =
100 μm. Schematic shows a transverse section of a stage 30 embryo with the dorsal-ventral and the left-right axes indicated. (c) Sense probes
showed no signal detected at neurula (i) or tailbud (ii) stages.
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Probes to Kir6.2, SUR1, and SUR2 showed signal in the
inner layer of the epidermis with intense expression in the
lens placode (Figure 3(b), (ii)–(iv) blue arrowheads). Kir6.1
expression was found in the retinal layer of the developing
eye (Figure 3(b), (i) blue arrowheads). Kir6.1 was also found
in the cells surrounding the eye tissue and along the brain
ventricle (Figure 3(b), (i)). Strikingly, expression of the SUR1
transcript was asymmetric, being expressed strongly in the
right eye (Figure 3(b), (iii)-(iv), n = 8). No-probe controls
and SUR1 and 2 sense probes, exposed for the same length
of time as embryos probed with antisense RNA, exhibited no
signal at any stage tested (Figure 3(c), (i), (ii)). These data
reveal a novel left-right asymmetric marker distinguishing
the left and right eyes at the transcriptional level. In our
previous study we implicated the KATP channel in regulating
the eye-specific polarization signal [68]. Although the native
Xenopus transcripts matching the expression of these probes
remain to be identified within the incompletely sequenced X.
laevis genome, the current findings of asymmetry revealed by
mouse KATP channel probes are consistent with endogenous
KATP channels as a basis for the physiological differences
between the left and right eyes.

2.5. Melanocyte Colonization of Lateral Trunk Is Consistently
Left-Right Asymmetric. The discovery of a cryptic functional
and physiological asymmetry in a paired organ led us to
examine other processes for asymmetries that may have
heretofore escaped notice; we were especially interested in
other descendants of neural precursors. Pigment cells
(melanocytes, derived from neural crest cells) were identified
using in situ hybridization with a probe against Trp2 (also
known as Dct), a definitive marker of melanocytes [96] at
stage 30. We observed that 79% of embryos had significantly
more Trp2-positive cells (melanocytes) on their left side
compared to their right side (Figures 4(a) and 4(b) and
Table 1 (n = 28 and P = 0.002, paired t-test)).

This bias in melanocyte numbers could be a result of
left-right-biased differentiation of neural crest cells into
melanocytes or due to biased migration of differentiated
melanocytes. To test whether the observed asymmetry in
melanocytes was due to asymmetric melanocyte differentia-
tion before migration (greater number of melanocytes being
produced on one side at the very beginning of melanocyte
specification), we performed in situ hybridization with
Trp2 at an earlier stage 26 (before melanocyte migration
begins). At this stage, in sections taken through the trunk,
quantitative analysis of the area of Trp2-positive regions
showed no significant difference between the right and left
sides (n = 10) (Figure 4(c)). These results show that the left-
side bias seen in melanocyte numbers at stage 30 is likely
not due to biased differentiation of melanocytes from neural
crest cells and favors a mechanism based on biased migration
rates of differentiated melanocytes. From these results we
also conclude that subtle left-right asymmetry in symmetric
structures is not unique to the eye but also extends to the
behavior of migratory neural crest derivatives (Figure 5).

3. Discussion

3.1. Development of Xenopus Eyes Is Asymmetric. Previously,
we showed that a specific range of relatively hyperpolarized
membrane voltage regulates Xenopus eye development [68,
69]. While the eyes are paired organs and have been assumed
to be symmetric, here we show that the bioelectric signal that
endogenously regulates their formation exhibits a distinct
and consistent left-right asymmetry. Hyperpolarization of
the right eye occurs first (Figure 1), and the right side
is consistently more sensitive to functional perturbations
(Figures 2(d) and 2(e)). This observation of a right-side-
first bioelectrical signal coincides with previous documen-
tation of a morphological right-sided asymmetry of neural
structures in Xenopus, including retina, olfactory placode,
and ganglia of nerve viii [97] and is consistent with
developmental asymmetries of the visual system described in
flatfish [98], Ciona intestinalis [99], and chicken [100–102].

While consistent and statistically significant, the degree
of this asymmetry (61%) is not as high as that of cru-
cial visceral organs like heart and gut (99% in wild-type
Xenopus). Other groups have suggested that developmental
asymmetries observed in symmetric structures arise as a side
effect from incomplete shielding of symmetrical structures
from the left-right signaling pathway coincident in time and
space and have demonstrated that retinoic acid signaling has
a role in protecting developing symmetric structures from
these left-right signals. Since blocking retinoic acid signaling
does not exacerbate the level of asymmetry in the eye signal
in our studies (Figure 1(d)), our data do not support the role
of retinoic acid in the shielding of this asymmetry. However,
it is possible that another (yet unknown) pathway exists that
serves to reduce or mask an inherent asymmetry of the eye
formation process, derived from the influence of body-wide
left-right patterning signals. Another intriguing possibility is
that this asymmetry is not a side effect but instead has been
evolutionarily conserved due to functional relevance.

Consistent asymmetry in handedness is seen in 60%
of nonhuman primates but in 90% of humans [6, 103].
Moreover, a number of studies have reported left-right
asymmetries in visual function related to food/prey and
predatory responses in fish, amphibians, reptiles, birds, and
mammals [104–110]. It is possible that subtle differences
in the bioelectrical patterning signals of the visual system,
along with asymmetries of brain and cognitive processing,
are involved in establishing these behavioral and functional
asymmetries. In C. elegans, for example, a stochastic lat-
eral inhibition system involving ion channels results in
lateralized neural differentiation and function [111–115].
It is tempting to speculate that this asymmetric bioelectric
signal could trigger differential genetic, chemical, and/or
biophysical patterns that overlay upon the universal eye
development pattern allowing the left and right sides of
the visual system to develop differing visual functionality.
This is supported by our observation that depolarization-
mediated disruption of endogenous bilateral polarization
cues results in a right-biased disruption of eye formation.
However, further functional studies will be required to test
this hypothesis. In addition, this mechanism appears to
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Figure 4: Biased migration of melanocytes along the left-right axis. (a) Xenopus embryos at stage 30 analyzed by in situ hybridization for
melanocyte marker trp2 show a higher number of melanocytes on the left side (i) as compared to the right side (ii) of the embryo. Red
arrowheads indicate the melanocytes being counted. (b) Quantification of a number of stage 30 embryos showing biased trp2 spots indicates
that 78.6% of embryos show a leftward bias of trp2 staining. 21.4% of embryos showed higher trp2 staining on the right side. The data
were analyzed using a two-tailed Binomial calculation; n = 28. (See Table 1 for details). (c) Quantification of Xenopus embryos at stage 26
analyzed by in situ hybridization for trp2 shows no asymmetry in melanocyte number prior to their migration. Due to dense staining at this
early stage individual stained cells could not be resolved and counted, hence the stained region was marked, and the area was quantified.
Quantification of the trp2 stain on the left and right sides of embryos (n = 10) shows no significant difference in the staining. The areas
of the signal on right and left sides were compared using a t-test. (d) Transverse agarose sections of in situ hybridized Xenopus embryo at
stage 26 showing left-right distribution of the melanocyte marker trp2 as measured. Illustration shows the plane of sectioning of the stage 26
embryo. Symmetric trp2 expression (red arrowheads) is found in the area around the neural tube. Scale bar = 200 μ.

be conserved, as a similar right-biased disruption of eye
regeneration is observed in planaria upon depolarization
[60]. Thus, comparative studies of possible asymmetries
of developmental physiology and subsequent function of
eyes (and other structures) among taxa may pay off in the
discovery of novel asymmetries in paired organs.

3.2. Eye Asymmetry versus Body Asymmetry. In the past few
years, the zebrafish has become a good model for studies
of asymmetry in developmental physiology, as they not
only show lateralized functions but also show distinct left-
right asymmetries in brain structure [116–119]. In Xenopus,
however, no consistent marker of brain laterality has been
described. The endogenous hyperpolarization described
above is a convenient novel readout of neural asymmetry
because it can be imaged in live animals and is thus
compatible with behavioral testing and other experimental
paradigms requiring the raising of animals with known
neural laterality to older stages.

What is the link between the subtle asymmetries of neural
derived organs and the main pathway that determines left-
right asymmetry of the body? One of the fascinating aspects
of left-right asymmetry determination is the disconnect

between the sidedness of the major body organs and the
brain. Human situs inversus patients (who exhibit complete
reversal of the left-right body axis) show normal levels of
right handedness and language lateralization [120, 121].
However, certain other behavioral traits (e.g., the hand on
which the wristwatch is worn) are found to be reversed [7].

In zebrafish, the asymmetry of the diencephalic region,
habenula and parapineal nuclei [116] were found to be
reversed in situs inversus animals, along with a subset of their
visual laterality behavior [110]. Moreover, it is now known
that individual neurites have a consistent clockwise chirality
of outgrowth [122] and turning [123]. Our data in Xenopus
demonstrate the linkage of basic body asymmetry to the
cryptic asymmetry of the eye: a treatment that randomized
the major visceral organs also eliminated the right-side-
first bias of the eye patterning signal, suggesting that the
asymmetry of the eye derives from the same pathway that
patterns the major left-right axis in Xenopus.

3.3. The Physiological Origin of the Asymmetry. What is
responsible for the consistently different Vmem in the left and
right sides of the developing head? The KATP channel consists
of Kir and SUR subunits and is responsible for setting resting
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Table 1: Biased migration of melanocytes. Embryos were stained
with the melanocyte marker Trp2 using in situ hybridization to
identify pigment cells. The pigment spots on both the left and the
right side of each embryo were counted. Student’s t-test analysis of
the raw data shows a significantly higher (P = 0.002) melanocyte
migration on the left side of the embryos.

Embryo Left Right

1 25 16

2 10 9

3 18 27

4 11 13

5 7 4

6 15 17

7 29 24

8 19 13

9 15 10

10 1 2

11 27 18

12 10 6

13 8 3

14 7 3

15 45 25

16 7 4

17 11 10

18 9 14

19 7 5

20 10 4

21 6 4

22 12 7

23 6 7

24 16 8

25 15 5

26 7 5

27 10 7

28 7 4

Average 13.21 9.78

Stddev 9.11 7.08

t-test (paired) 0.002088

Embryos with
more melanocytes

22 (78%) 6 (22%)

potential in a number of cell types [124]. KATP channel
activity depends on the resting Vmem, ATP levels in the
cell, the external potassium levels, and the limiting levels of
each subunit. Our expression data (Figure 3, which extends
and complements early immunohistochemistry data on KATP

channels in the hatching gland, [125]) reveal a consistent left-
right asymmetry in the levels of a transcript with homology
to the mouse SUR KATP channel subunit. Comparison of
the mouse SUR probe sequence to the completed Xenopus
tropicalis genome using BLAST [126] gives matches with

SUR1 (P = 2E−10), SUR2 (P = 2E−75), but no other target
(the next best match is PGER2 at nonsignificant P = 0.39),
which supports the high probability of the probe picking up
a SUR-like mRNA in Xenopus laevis. While we have not yet
identified the native transcript corresponding to this signal,
the high specificity of the staining pattern and the stringency
of the in situ hybridization conditions make it likely that the
mouse probe of SUR is picking up a native SUR-like mRNA
that has not yet been characterized within the incompletely
sequenced X. laevis genome.

The observed asymmetry in the presence of SUR1
subunits is likely to result in a larger number of functional
KATP channels on the side with greater SUR1 expression. On
a background of equal initial Vmem and external potassium
levels on the left and right sides, the asymmetry in subunits
available for the formation of functional KATP channels may
explain the difference in the Vmem on the left and right
sides. It is possible that the asymmetry in functional KATP

channels is also responsible for the observed asymmetry in
sensitivity to eye malformation upon perturbing the Vmem.
Other channels may be involved in generating the observed
asymmetric polarization. Comparative expression profiling
and functional testing on both sides in the eye region may
reveal other candidate/s that cooperate with KATP to generate
the asymmetric polarization eye patterning signal.

The KATP subunits are expressed mainly in the surface
ectoderm, which forms the eye placode. Interaction between
the ectodermal placode and the underlying neuroectodermal
and mesodermal layers results in invagination of the optic
cup and eye formation [127–130]. The KATP ion channels
in the surface ectoderm, and the bioelectric cell properties
they regulate, may participate in modulating these signaling
interactions.

One important feature of the observed bioelectric asym-
metry is its temporal properties: although the right eye signal
is seen first, the eye-specific Vmem signature is ultimately
seen on both sides (the left side delayed by 20–30 minutes),
resulting in anatomically symmetrical and equal sized eyes.
As the function of ion channels is gated by posttransla-
tional events, physiological feedback loops implemented by
voltage-sensitive channels could amplify stable differences
in Vmem, leading to distinct voltage gradients in cell groups
expressing similar complements of ion channel proteins.
Future work will profile the other major conductances
present in eye cells and quantitatively characterize and model
the molecular-genetic and temporal details of the circuit that
functions in eye precursor cells to control resting potential.
Such circuits are likely to exhibit distinct stable Vmem states,
as has been shown in mouse (muscle) cells to be due to
potassium inward rectifying channels [131].

3.4. Neural Crest Derivatives Are Also Consistently Left-Right
Asymmetric. A similar asymmetry was observed in neural
crest-derived pigment cells, melanocytes. Melanocytes follow
specific migration paths along the side of the Xenopus
embryo after differentiation from neural crest. Interest-
ingly, a consistent left-right asymmetry in the number of
melanocytes was found upon careful analysis. Our analysis
of Trp2-positive cells prior to onset of migration (stage
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Figure 5: A model of physiological asymmetries within the overall scheme of the left-right patterning pathway. In Xenopus, bilateral
symmetry is first broken, and the left-right axis is consistently oriented with respect to the dorsoventral and anterior-posterior axes, during
early cleavage stages [8, 81]. The intracellular chirality is amplified onto multicellular cell fields during cleavage and blastula stages by
the voltage-dependent movement of small molecule determinants through gap junctions [82–84]. The transduction of voltage gradient
differences by epigenetic mechanisms [85] and other biophysical events such as ciliary movement [86] initiates at least two asymmetric
transcriptional cascades. The first is the well-known Nodal, Lefty, and Pitx2 cassette that drives asymmetric organogenesis of the visceral
organs. The other is the asymmetry of KATP channel subunits expressed in neural tissues, which results in asymmetric gradients of resting
potential that directs development of the eye [87]. Future work will determine the functional linkage of the reported asymmetry in neural
crest cell movement.

26) revealed that there is no apparent asymmetry in the
extent of melanocyte differentiation from the neural crest
cells, suggesting that the observed asymmetry is due to
asymmetric migration patterns. The source of asymmetric
migratory cues or mechanisms ensuring left-right asymmet-
rically biased response of cells to migration cues (as has

been observed in mammalian cells [132, 133]) remains to be
analyzed in future work. The evolutionary or developmental
role of such asymmetric melanocyte distributions is not
yet known; indeed, it is possible that careful quantification
of cell number or other properties in other developmental
events may reveal other heretofore-unrecognized consistent
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asymmetries in systems that are currently considered to be
symmetrical.

3.5. Conclusion. The identification of subtle physiological
and cell positioning asymmetries in Xenopus development
raises a number of open questions. It is possible that
consistent asymmetries in bioelectric state, cell number, and
sensitivity to specific perturbations remain to be discovered
in many different paired (symmetric) organs. The anatomi-
cal and genetic profiling studies carried out to date may have
only scratched the surface of the developmental information
embedded in various somatic tissues at the level of mRNA
and protein profiles and would likely not reveal physiology
differences. The identification of such asymmetries, as well
as their molecular origins, and the characterization of their
interactions with the major left-right axial patterning cascade
are likely to reveal fascinating aspects of developmental biol-
ogy with significant evolutionary implications. Moreover, a
mechanistic understanding of these subtle asymmetries will
provide insight into the form, function, and robustness of the
nervous system and may help address the lateralized diseases
of both nervous and nonnervous organs.

4. Materials and Methods

4.1. Animal Husbandry. Xenopus laevis embryos were col-
lected and fertilized in vitro according to standard protocols
[134], in 0.1X Modified Marc’s Ringers (MMR; pH 7.8).
Xenopus embryos were housed at 14–18◦C and staged
according to Nieuwkoop and Faber [135]. All experiments
were approved by the Tufts University Animal Research
Committee in accordance with the Guide for Care and Use
of Laboratory Animals, protocol number: M2011-70.

4.2. Imaging of Membrane Voltage Patterns Using CC2-DMPE.
CC2-DMPE (molecular probes) stocks (stock: 1 mg/mL in
DMSO) were diluted 1 : 1000 in 0.1X MMR for a final
concentration of 0.2 μM. Stage 15-16 embryos were soaked
in dye for 1.5 h. Embryos in solution were imaged using
the CC2 cube set on an Olympus BX61 microscope with an
ORCA digital CCD camera (Hamamatsu) with Metamorph
software. See [66, 67] for additional details. For determining
the bias in eye CC2-DMPE signal, embryos were imaged at
regular intervals. The side of the embryo that first showed
the eye CC2-DMPE signal was noted, and the embryos
were kept under observation until signal was seen on both
sides. Time difference between the right and left eye CC2-
DMPE signals was measured by taking images at regular
intervals of 10 minutes. While CC2-DMPE used alone
cannot precisely quantify Vmem levels, the strong fluorescence
from this positively charged dye has been shown previously
to reliably identify hyperpolarized regions as confirmed by
electrophysiological impalement [65–67, 136] and to identify
the same locations of hyperpolarized cells in the early face as
did prior studies using ratiometric imaging [69].

4.3. Microinjection. Capped, synthetic mRNAs were gener-
ated using the Ambion mMessage mMachine kit, resus-
pended in water, and injected (2.7 nL per blastomere) into
embryos in 3% Ficoll. Results of injections are reported as
percentage of injected embryos showing eye phenotypes,
sample size (n) and P values comparing treated groups to
controls. For lineage tracing, 4-cell embryos were injected
with mRNA encoding β-galactosidase. At stage 45, fixed
embryos were stained by incubation with X-gal substrate.

4.4. In Situ Hybridization. In situ hybridization was
performed according to standard protocols [137].
Accession numbers for the sequences used as probes
were Kir6.1 NM 008428.4, Kir6.2 NM 001204411.1, SUR1
NM 011510.3, and SUR2 NM 001044720.1. Xenopus
embryos were collected and fixed in MEMFA. Prior to in situ
hybridization, embryos were washed in PBS + 0.1% Tween-
20 and then transferred to ethanol through a 25%/50%/75%
series. In situ probes were generated in vitro from linearized
templates using DIG labeling mix (Invitrogen, Carlsbad,
CA, USA). Chromogenic reaction times were optimized to
maximize signal and minimize background. Histological
sections were obtained by embedding embryos after in
situ hybridization in JB4 according to manufacturer’s
instructions (Polysciences). Prior to sectioning, one corner
of the block was physically marked to allow unambiguous
orientation of section images with respect to the left-right
axis (for sections in Figure 3(b)).

4.4.1. Quantification of In Situ Signal. Trp2 in situ hybridized
embryos were embedded in 4% low melting point agarose
as previously described and sectioned at 100 μm [138]. The
sections were imaged using a Nikon SMZ1500 microscope
with a Q-imaging Retiga 2000R camera. Using NIH’s ImageJ
software the regions exhibiting purple signal on the left
and right side of the sections were marked using the
freehand selection tool, and the area of the Trp2 stain
was automatically quantified. The 3rd section from the last
section containing eye was selected from each of the 10
different embryos and used for quantification.

4.5. Heterotaxia-Inducing Treatment. Embryos were kept in
0.1X MMR (pH 4.0–4.05) from fertilization until stage 12-
13 and then moved to 0.1x MMR (pH 7.8) for the remainder
of the experiment. At stage 45, the situs of the internal
organs was scored by visual inspection of the heart, gut,
and gallbladder as previously reported [17]. Categorical data
analysis of the CC2-DMPE staining following drug treatment
was done using ternary plots [75].

4.6. Retinoic Acid Receptor Inhibitor (Ro-41-5253) Treatment.
Embryos were kept in 0.1X MMR from fertilization. At ∼
stage 11 Ro-41-5253 was added into 0.1X MMR with a
final concentration of 1.5 μM. At stage 18, a portion of the
embryos were fixed and used for in situ hybridization. Cat-
egorical data analysis of the CC2-DMPE staining following
drug treatment was done on the remaining live embryos
using ternary plots [75].
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4.7. Statistics. All Statistical analyses were performed using
Graphpad Prism (GraphPad Software, La Jolla, CA, USA),
except in case of the categorical data analyses where
ternary plots algorithms were used (https://webscript.prin-
ceton.edu/∼rburdine/stat/three categories). For data pooled
from various iterations, Chi-square test or two-tailed Bino-
mial calculation was used. Nonpooled data was analyzed by
t-test (for 2 groups) or ANOVA (for more than two groups).
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Ion channels orchestrate directed flux of ions through membranes and are essential for a wide range of physiological processes
including depolarization and repolarization of biomechanical activity of cells. Besides their electrophysiological functions in the
heart, recent findings have demonstrated that ion channels also feature ion flux independent functions during heart development
and morphogenesis. The zebrafish is a well-established animal model to decipher the genetics of cardiovascular development
and disease of vertebrates. In large scale forward genetics screens, hundreds of mutant lines have been isolated with defects
in cardiovascular structure and function. Detailed phenotyping of these lines and identification of the causative genetic defects
revealed new insights into ion flux dependent and independent functions of various cardiac ion channels.

1. Introduction

Ion channels are pore-forming proteins that warrant con-
trolled and directed flux of ions through membranes. Tem-
poral and spatial coordination of ion movements is essential
for a wide range of physiological processes including the
generation and propagation of the membrane action poten-
tial that is critical for the biomechanical activity of muscle
cells. Despite their well-established canonical electrophys-
iological functions in the heart, recent findings have
demonstrated that ion channels also might feature ion flux
independent functions during heart development and mor-
phogenesis long before acting as ion-conducting pores. For
example, targeted knockout of the cardiac sodium channel
SCN5A in mice leads to embryonic lethality due to defec-
tive cardiogenesis. Besides the expected electrophysiological
alterations, hearts of SCN5a-deficient mice develop a com-
mon hypoplastic ventricular chamber with reduced trabecu-
lae whereas the endocardial cushions of the atrio-ventricular
(AV) canal or the truncus arteriosus form normally [1].
These findings implicate that regular ion channel function is
crucial not only for the regulation of heart rhythm but also
for cardiogenesis.

Whereas the study of heart development in mice is
hindered by the in utero development of the embryo and

the high mortality of embryos with cardiac defects, animal
models such as the zebrafish (Danio rerio) emerged as a
powerful model organism to study cardiac development and
function in the last few years.

The advantages of this animal model are external fer-
tilization and fast development. The embryos can easily be
reared in aqueous medium and are accessible for manipu-
lation at all developmental stages. Meanwhile their organo-
genesis can be observed continuously due to their optical
transparency [2]. During its embryonic development the
zebrafish does not entirely depend upon a functional cardio-
vascular system and circulation, since oxygen is distributed
by passive diffusion [3]. This facilitates extended studies on
severe congenital cardiovascular defects. Besides, the almost
completely sequenced genome of the zebrafish and the highly
conserved gene functions compared to humans further
strengthen the zebrafish’s role for cardiovascular research
[2, 4]. Large scale forward genetic screens in zebrafish
expanded our knowledge on genetic networks that mediate
development and maintenance of cardiac form and function.
Genes identified in these screens encode for a wide variety of
different proteins: transcription factors, signaling molecules,
as well as several structural proteins of cardiomyocytes
including the contractile apparatus.
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Figure 1: Stages of heart development in zebrafish embryos in a ventral view. (a) At 15 hpf cardiac precursors move towards the anterior
lateral plate mesoderm; the atrial precursors are located laterally, the ventricular precursors medially. (b) Cardiac fusion starts at about 18 hpf
at the posterior end of the bilateral heart fields; first, endocardial cells arrive at midline, followed by ventricular cells. The atrial precursors
do so slightly later. (c) After cardiac fusion the cells form the cardiac cone. Viewed ventrally, this structure resembles a ring: endocardial cells
lining the central lumen, and ventricular cells are surrounded by atrial precursors. The cardiac cone starts to transform into the heart tube by
21 hpf. (d) Cardiac looping of the heart tube occurs between 26 hpf and 48 hpf. The linear heart tube bends and creates an S-shaped loop. By
36 hpf the atrium and ventricle become distinguishable. (e) The heart tube rotates. The different parts of the heart tube do not rotate equally
and therefore torsion occurs. The AV canal develops by constriction of the boundary between atrium and ventricle. Ventricular maturation
by appositional growth takes place.

The key steps of heart development in zebrafish resemble
those in humans and other mammals. Differentiation of
cardiac precursors is required to form a heart tube that
finally loops and builds an atrial and ventricular chamber
separated by an atrio-ventricular (AV) valve. At 5 hours
after fertilization (hpf) cardiac progenitor cells are located
bilaterally in the lateral marginal zone. During gastrulation
cardiac progenitor cells migrate towards the embryonic
midline to end up at the anterior lateral plate mesoderm
(Figure 1(a)). The cells continue to converge at midline at
about 18 hpf (cardiac fusion; Figure 1(b)) and form the car-
diac cone (Figure 1(c)). The shallow cone shifts from midline
towards the left side (cardiac jogging). By 21 hpf a linear
heart tube forms and exhibits regular peristaltic contractions.
Endocardial cells lie within the inner lining of the lumen,
myocardial cells peripherally. The heart tube elongates
(cardiac extension) and bends to the right to create an
S-shaped form (cardiac looping, Figure 1(d)). The future
ventricle and atrium become distinguishable and, by 36 hpf,
show sequential contractions with a characteristic AV delay.
The AV canal becomes detectable and by 48 hpf the endo-
cardial cells lining this canal form the endocardial cushions
(Figure 1(e)). Gradually, between 48 hpf and 72 hpf, ventric-
ular maturation proceeds, the ventricular wall thickens by
appositional growth (cardiac ballooning), and trabeculae are
formed. Endocardial cushions enlarge and, by 105 hpf, have
differentiated into valve leaflets of the AV valve.

Heart morphogenesis is accompanied by cardiomyocyte
specification and differentiation. Myocardial cell precursors
start to express cardiac myosin genes including myosin light
chain polypeptide 7 (myl7, cmlc2). At 16 hpf the medial
cells differentiate into ventricular cells expressing ventricle
myosin heavy chain (vmhc) and at 22 hpf the lateral, atrial
myosin heavy chain (amhc) positive cells differentiate into

atrial cells. The transcription factor nkx2.5 is needed to
generate myocardial and endocardial progenitor cells, which
is regulated by bone morphogenetic protein (Bmp), gata5,
and hand2 (for reviews see [5–8]).

The role of ion channels in adulthood for the generation
and the propagation of action potentials in excitable cells
and the contraction of myocytes and cardiomyocytes is well
understood [9]. Additionally, recent findings mainly from
the zebrafish model demonstrate that ion channels also play
a crucial and unexpected role in heart development. The
presence of ion channels is required for normal cardiogen-
esis. A knockout or Morpholino antisense oligonucleotide
mediated knockdown of ion channel genes in zebrafish
causes disruptions of heart development. Besides their role
as ion-conducting pores, ion channels seem to impinge on
cardiogenesis in an ion flux independent manner. How-
ever, further studies are required to learn more about the
mechanisms how ion channels exert influence on heart
development. This paper focuses on the recent findings on
the role of ion channels in cardiac development in zebrafish.

2. Role of Ion Channels in Heart Development

2.1. Sodium Channels. In excitable cells, voltage-gated sodi-
um channels permit the rapid sodium influx and thus are
accountable for the initial upstroke of the action potential
(phase 0 depolarization). The structure of voltage-gated
sodium channels resembles the assembly of calcium channels
and other ion channels. Each channel consists of a pore-
forming α subunit (Nav 1) and auxiliary β subunits [9]. In
chick and mouse it is already known that coordinated electric
activity of cardiomyocytes is not required for early heart
development [10–12]. Furthermore, results of studies on
the zebrafish troponin T mutant silent heart showed that
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these mutants lack both contraction and circulation but
cardiogenesis proceeds normally [13].

In zebrafish, eight genes encode for α subunits of
sodium channels: four sets of duplicated genes are termed
as scn1Laa & scn1Lab, scn4aa & scn4ab, scn5Laa & scn5Lab,
and scn8aa & scn8ab [14–16]. scn5Laa and scn5Lab are
phylogenetically related to SCN5A in mammals (Nav 1.5) [9,
17]. At 24 hpf scn5Laa mRNA is detected by whole mount in
situ hybridisation in regions of the future heart tube [18]. At
later stages of embryonic and larval development (at 52 hpf
and 104 hpf) scn5Laa and scn5Lab expression is observed in
the heart and the nervous system [17]. Transcripts of both
genes can be identified by reverse transcriptase polymerase
chain reaction assays already in early embryonic stages
(0 to 12 hpf) [17]. Morpholino antisense oligonucleotide-
mediated knockdown of the cardiac sodium channels
scn5Laa or scn5Lab in zebrafish lead to dysmorphic and
hypoplastic hearts. scn5Laa morphant hearts show signifi-
cant defects of both atrial and ventricular chamber morpho-
genesis and cardiac looping by 58 hpf. During later stages of
heart development both chambers remain small. The ven-
tricle displays a single cardiomyocyte layer; trabeculae are
missing. Quantification of cardiomyocyte numbers by 62 hpf
reveals a significant reduction in comparison to controls.
The reason for this reduction of heart cells seems to be a
decreased number of differentiating cardiomyocytes at early
embryonic stages. Quantification of future heart cells in the
cardiac cone at the 22-somite stage, approximately at 20 hpf,
reveals significantly reduced numbers compared to wild-type
and control-injected embryos. Double knockdown of both
cardiac sodium channel genes scn5Laa and scn5Lab leads to
an even more severe disruption of cardiac development
compared to a single knockdown of either gene. These
scn5Laa scn5Lab morphants show even fewer numbers of
heart cells. The defects in the heart are not caused by an
increase of apoptosis. Thus, these abnormalities seem to be
due to early disruption of cardiomyocyte differentiation and
proliferation [17].

Injection of either scn5Laa or scn5Lab translation inhi-
bitor Morpholino resulted in a reduction of cardiogenic
transcription factors nkx2.5, gata4, and hand2 at the 6-
somite stage in the anterior lateral mesoderm. This effect on
nkx2.5 expression is dose dependent. Expression of gata5 as
a potent positive regulator of nkx2.5 is unaffected. Addition-
ally the expression of the sarcomeric genes cmlc2 and vmhc
is decreased at 16-somite stage [17].

When the voltage-gated sodium channel Nav 1.5 in
zebrafish is blocked either by injection of different sodium
channel blockers into the pericardial space of the embryonic
heart or by penetration via bathing solution, normal for-
mation of the heart tube is observed. In addition rearing in
sodium-free media causes no disruption of cardiogenesis. As
expected, at later stages conduction abnormalities are caused
by blockage of the voltage-gated sodium channel. Activation
of this channel by Anemone toxin II or Veratridine delivered
by either bathing solution or injection leads to convulsions,
but the cardiac development remains unaffected [17]. These
findings indicate that the voltage-gated sodium channel

exerts influence on cardiac development independent of ion
flux.

In summary, the studies on the voltage-gated sodium
channel Nav 1.5 in zebrafish suggest that the expression of
the channel is essential for heart development. Morpholino
knockdown of scna5Laa and scna5Lab causes a decreased
number of differentiating cells as well as hypoplastic and
dysmorphic hearts. Sodium currents seem to be redundant
for this effect. Reduced expression levels of nkx2.5, gata4,
and hand2 in scna5Laa and scna5Lab morphants imply an
essential role of sodium channels in fate determination and
differentiation of cardiac cells.

2.2. Calcium Channels. Calcium channels are important for
the function of the adult heart. The voltage-gated entry
of calcium into cardiomyocytes is permitted by the L-
type (for long lasting) and the T-type (for threshold or
tiny) calcium channel. The L-type channel is the major
route for calcium inward current. Calcium entry via L-type
channels (LTCC) is crucial to sustain the characteristically
long action potential of cardiomyocytes, conduction, and
excitation-contraction coupling [9]. In mammals the T-
type channel is predominantly expressed in the sinus node,
atrio-ventricular node, and atrial cells where it facilitates
automaticity and pace-making activities [9]. Adult zebrafish
displays a significant T-type-Ca2+ current in both atrial
and ventricular cardiomyocytes [19]. Intracellularly, calcium
facilitates the contraction mechanism by triggering the
release of calcium from the sarcoplasmatic reticulum via
ryanodine receptor [9]. Furthermore calcium regulates as a
second messenger growth and hypertrophy of cells by less
understood mechanisms [20]. In addition the C terminus of
the LTCC encodes a transcription factor and autoregulates
transcription of the channel [21, 22].

LTCC are heteromeric protein complexes usually consist-
ing of a pore-forming α1 subunit, a modulatory cytoplas-
matic β subunit, and an ancillary extracellular α2 subunit
with a transmembrane δ subunit and a function-modifying
γ subunit in noncardiac cells [23–25].

The ion-conducting pore and the voltage sensor lie
within the α1 subunit of cardiac-specific isoform α1C.
The subunit consists of four transmembrane domains each
containing of six transmembrane segments. It has been
reported that LTCC blockers such as 1,4-dihydropyridine
applied to chick embryos cause a reduction of the heart
size and thickness of the myocardium [26] whereas targeted
mutagenesis of the LTCC α1C-subunit did not interfere with
embryonic cardiac function and growth in mice [27].

In zebrafish the embryonic lethal island beat mutant is
an excellent model to determine the role of LTCC in cardiac
development since its pore-forming α1C subunit is defective.
In island beat (isl) mutant embryos a morphologically
normal heart tube is formed in its correct position. Endo-
cardium and myocardium are present. Already at that early
stage of heart development, defects become noticeable. The
embryos lack the characteristic peristaltic contraction of the
heart tube. During cardiac development two chambers are
generated in isl mutants. In contrast to wild-type embryos
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the mutants display a smaller ventricular chamber with
single-layer cardiac cells. At 60 hpf appositional addition
of cardiomyocytes is absent. Consequently the thickening
and thereby growth along the long axis of the heart does
not occur. At 72 hpf it becomes clear that the number of
cardiomyocytes is reduced in mutants compared to wild
type. Apoptosis is not evident in isl hearts. The atrium
remains morphologically normal throughout the early stages
of cardiac development. The atrial cells continue to contract
in sporadic, uncoordinated manner resembling atrial fibril-
lation whereas in ventricular cells contraction and blood flow
remain absent. At an ultrastructural level myocardial cells of
isl mutants appear to be normal [28].

The cytoplasmatic β subunit of the calcium channel
modulates the electrophysiological properties of the channel
and is capable of increasing calcium channel activity when
coexpressed with α1 subunits [25]. Additionally, the β
subunit of the LTCC belongs to the group of membrane asso-
ciated guanylate kinases (MAGUK) which have scaffolding
function [29]. β2 is the predominantly expressed β subunit in
the heart. β2 null mutant mice die during embryogenesis due
to absence of cardiac contraction. Knockout of other calcium
channel β subunits in mice did not lead to embryonic lethal
heart failure [30–32]. The calcium channel β4 subunit is
expressed in fetal hearts of rats and precedes the expression
of the β2 subunit [33].

In zebrafish the following β subunit genes were iden-
tified: cacnb1 for the β1 subunit, and for β2 cacnb2a and
-b, β3 cacnb3a and -b and for β4 cacnb4a and -b. Similar
to the results in mice, in zebrafish cacnb4a is expressed in
the embryonic heart at 48–72 hpf. cacnb4b is not expressed
in the developing heart tube in zebrafish. At this stage
neither cacnb2a nor cacnb2b were detected in cardiac tissue
by in situ hybridisation [34]. Interestingly, an antisense
oligonucleotide mediated Morpholino knockdown either by
translation initiation block or by missplicing of the β2.1 sub-
unit causes disruptions of heart development in zebrafish. At
48 hpf the knockdown morphants exhibit defects in chamber
shaping, cardiac looping, and contractility. By 72 hpf the
heart remains linear and a pericardial edema is present. The
atria appear to be dilated whereas the ventricle is collapsed.
In β2.1 depleted zebrafish specification and differentiation
of the cardiomyocyte precursors proceeds without any
makeable differences compared to wild type. Nevertheless,
in the ventricle of morphants at 48 hpf, reduced numbers
of cardiomyocytes were detected, whereas in the atrium
equal numbers of cells were counted. A decreased rate of
proliferating cardiomyocytes seems to be causative since
an increased apoptosis rate was not observed. In addition,
the β2.1 depleted cardiomyocytes differ from wild-type
cells morphologically. While normally the cardiomyocytes
undergo a transition from a round to a larger, elongated
shape during chamber ballooning, the β2.1 knockdown
cardiomyocytes remain round. The surface of individual car-
diomyocytes at the outer curvature of the heart is markedly
reduced. Besides these morphological distinctions, the heart
function is compromised in β2.1 knockdown morphants.
Heart rate, ventricle volume, stroke volume, and cardiac
output are decreased at 48 hpf. Moreover upon externally

applied mechanical shear stress the β2.1 morphant heart tube
ruptures since cardiomyocytes express less N-cadherin and
lack the characteristic banding of sarcomeric actin. These
findings implicate besides its role for proliferation and
contractility an important scaffolding function of the β2.1
subunit [29].

In conclusion, the α1C subunit as well as the β2.1
subunit influence heart development in zebrafish. Loss of
function of the channel subunits, either by mutation or by
Morpholino oligonucleotide antisense mediated knock-
down, leads to reduced numbers of cardiomyocytes and dis-
ruption of chamber morphogenesis. In island beat mutants
the appositional growth of the ventricle is disturbed and
remains mechanically silent. The β2.1 subunit Morpholino
knockdown morphants exhibit defects in cardiac looping,
contractility, and cell integrity.

2.3. Sodium-Calcium-Exchanger. Calcium inward currents
drive excitation of excitable cells and contraction of myocytes
and cardiomyocytes. In order to prepare for the next
contraction, calcium must be extruded from the intracellular
cytosol to return to a resting state. Two major routes
contribute to this extrusion in myocytes and cardiomyocytes:
the sarcoplasmatic reticulum Ca2+-ATPase (SERCA2), which
sequesters intracellular calcium into sarcoplasmatic retic-
ulum and the Sodium-Calcium-Exchanger (NCX1). This
exchanger regulates Ca2+ concentration according to the
electrochemical gradient and catalyzes the exchange of three
extracellular sodium ions for one intracellular calcium ion.
The relative contributions of both NCX and SERCA2 to
the intracellular calcium concentration change during devel-
opment and vary by species [35–38]. Homozygous NCX1-
deficient mice showed the absence of a normally beating
heart and enhanced apoptosis of cardiomyocytes. A dilated
pericardium has been described. The homozygous mice died
at approximately day 10 of embryonic development in utero
[39, 40]. In chick embryos disruption of cardiac development
and contraction was observed when treated with a NCX
inhibitor [41].

Expression of the cardiac isoform NCX1h in zebrafish
manifests first at the 12-somite stage in bilateral cardiac
primordia. The expression of NCX1h is restricted to the
heart throughout the first 5 days of zebrafish embryonic
development [35]. It is prominent in the myocardium of
ventricle and atrium and barely noticeable in the outflow
tract [42]. Embryonic lethal mutation of the cardiac isoform
NCX1h in zebrafish causes atrial arrhythmias and a nearly
silent ventricle in the zebrafish mutant tremblor (tre). Length
and morphology of the heart tube appear to be normal. At
later stages of cardiac development an abnormal heart func-
tion is observed in homozygous tre embryos. These defects
appear when the cells of the heart tube differentiate into
ventricular and atrial cells. The cardiomyocytes of the heart
tube fibrillate, contract arrhythmically and rhythmically.
Compared to the wild type the ventricle is markedly smaller.
Electron microscopy at 48 hpf reveals sparse sarcomeres with
uncoordinated assembly in ventricular cells whereas the
atrium of tre mutants displays no obvious abnormalities
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in sarcomere formation. The posterior end of the atrium
collapses. At 6 days after fertilization embryonic lethality
occurs [35, 42].

Injection of a calcium sensitive dye reveals nearly con-
stant and in relation to the atrium elevated calcium levels of
ventricular cells in tre mutants suggestive of calcium overload
[35].

Early cardiac specification and differentiation seems to
be unaffected by disruptions in NCX1h since tre mutants
display normal expression levels of vmhc, cmlc2, tbx5, irx1,
amhc, and hand2. These data imply defects in later cardiac
differentiation in tre mutants leading to dysmorphogenesis
and arrhythmias of both cardiac chambers [35, 42].

2.4. Ca2+-ATPase. The second major route for the extrusion
of calcium from the intracellular space is by sequester-
ing calcium into the sarcoplasmatic reticulum via the
sarcoplasmatic reticulum Ca2+-ATPase2 (SERCA2). The
cardiac-specific isoform SERCA2a plays an essential role
in excitation-contraction-coupling in the heart. Calcium
cations are transported into the sarcoplasmatic reticulum in
order to reduce the intracellular cytosolic calcium concentra-
tion and to refill the calcium stores of cardiomyocytes [36].

Zebrafish SERCA2 is expressed bilaterally in the cardiac
precursors throughout heart development and in skeletal
muscle. Knockdown of SERCA2 either by Morpholino
injection or by treatment with cyclopiazonic acid, a specific
inhibitor of SERCA-activity, resulted in defects of cardiogen-
esis [43, 44]. The hearts of these embryos fail to expand.
Heart looping is absent. In contrast to tre mutants, both heart
chambers contract continuously without fibrillation. The
heart rate is reduced and the chamber contractions are weak.
At 6 days after fertilization embryonic lethality occurs [35].

When a calcium sensitive dye is injected into SERCA2
morphants waves of calcium entry are observed correlating
with their bradycardic heart rate. Unlike in NCX1h mutants
a calcium overload is not detectable in SERCA2 morphants
[35].

Thus, both Ca2+ extrusion routes, NCX1h and SERCA2,
are each important for zebrafish heart formation and
function, but their loss of function phenotypes are distinct.

2.5. Na+K+-ATPase. Na+K+-ATPase obtains a crucial role
for the establishment of a proper electrochemical gradient
across the plasma membrane. Sodium and potassium are
pumped across the cell boundaries, ATP is utilized. Both, the
cation and ATP-binding sites are located in the α subunit and
are essential for the catalytic and transport function of the
integral membrane protein. Dimerization of α and β subunit
is required for enzyme activity (for review see [52]).

In mammals it has been demonstrated that four iso-
formes of the α subunit of Na+K+-ATPases and three
isoformes of the β subunit exist, each showing distinct
expression patterns and different affinities to glycosides
[52]. Cardiac function is modified by Na+K+-ATPases
through interaction with the Sodium-Calcium-Exchanger
NCX. Blockade of Na+K+-ATPases leads to an increase of
Na+ concentration in cardiomyocytes. Consequently NCX

is inhibited, the intracellular calcium concentration rises
and thereby the contractility of cardiomyocytes is enhanced
[53, 54].

Studies on mice demonstrated that Na+K+-ATPase activ-
ity is crucial for embryogenesis. α1 homozygous knockout
mice are embryonic lethal and heterozygous mice have
hypocontractile heart beats; α2 homozygous knockout mice
die during the first day after birth and heterozygous mice
show hypercontractility of the myocardium that correlates
with the elevated calcium level in cardiomyocytes [55].
Pharmacological inhibition of Na+K+-ATPase by Ouabain in
chick embryos leads to disruptions of early heart develop-
ment [56].

In zebrafish eight isoformes of the α subunit and five β
subunits exist. Three Na+K+-ATPase isoformes are expressed
in the developing heart: α1B1 (also known as α1a1), α2, and
β1a [57].

Heart and mind (had) mutants carry defects in Na+K+-
ATPase α1B1 isoform. had embryos develop a curved body
and severe abnormalities in brain and heart. Circulation
is not established and the embryos die five days after
fertilization [45]. By 21 hpf bilateral cardiac primordia fuse
at midline and a shallow heart cone becomes evident. At
24 hpf the had mutant’s heart remains as a shallow heart
cone, whereas in wild type at the same stage development
of the primitive heart tube is nearly finished. The heart
usually starts beating in the stage of the primitive heart tube.
had mutants reveal a small heart without contraction after
28 hpf. By 48 hpf both cardiac chambers and both cardiac
cell types, endocardium and myocardium, exist. However the
heart remains small, the ventricle thin, and the myocardial-
endocardial distance is enlarged in Na+K+-ATPase α1B1
defective zebrafish [45]. The expression patterns of the early
cardiac development genes vmhc, nkx2.5, and cmlc2 are
normal in these mutants at approximately 24 hpf, suggesting
that had is not required for the determination of early
cardiac cell fate. After 48 hpf vmhc and irx1 become specific
for the ventricle in wild-type zebrafish, whereas versican
expression usually is localized between atrium and ventricle.
In had mutants a significant reduction of irx1 can be
observed, whereas vmhc is evident in the atrium as well
as in the ventricle. Versican spreads throughout the whole
heart, suggesting a disruption of cardiac chamber specific
differentiation [45].

Quantification of cardiomyocytes by counting trans-
genic green-fluorescent-protein- (GFP-) positive cells reveals
similar numbers in both wild-type and had mutant. The
primitive heart is markedly shorter and thereby the GFP
signal more intense. Hence, extension of the heart tube seems
to be disrupted in had mutants [45].

As mentioned above, the heart of had mutants does not
beat at 24 hpf. After 48 hours of development a bradycardic
heart rhythm is established, and cardiac contractility is
diminished. Treatment with Ouabain, a Na+K+-ATPase
inhibitor, and injection of a Morpholino antisense oligonu-
cleotide to wild-type zebrafish phenocopies had mutants
[45, 56].

The α2 subunit of Na+K+-ATPase is also expressed in the
developing heart of zebrafish. By injection of a Morpholino
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Table 1: Affected ion channel and effect on heart development.

Affected ion channel Zebrafish phenotype and effect on heart development Reference

Nav 1.5 (scn5Laa, scn5Lab)
(i) Morpholino knockdown: hypoplastic, dysmorphic heart, reduced numbers of

cardiomyocytes
(ii) pharmacological modification: normal heart tube formation

[17]

LTCC α1C subunit
(i) Island beat (isl): loss of function; hypoplastic and silent ventricle, reduced numbers of

ventricular cardiomyocytes; atrial fibrillation
[28]

LTCC β2.1 subunit

(i) Morpholino knockdown: defects in cardiac looping and ballooning, reduced numbers
and proliferation of cardiomyocytes, disrupted cell integrity; bradycardiac and
weakly contractile heart rhythm

(ii) pharmacological modification with nifedipin resembles the morphants’ phenotype

[29]

NCX1h
(i) Tremblor (tre): loss of function; hypoplastic and nearly silent ventricle, disruptions of

sarcomere assembly in the ventricle; atrial fibrillation
[35]

SERCA2a
(i) Morpholino knockdown, pharmacological modification: absent cardiac looping, no

expanding of cardiac chambers, bradycardia
[35]

Na+K+-ATPase α1B1 subunit
(i) heart and mind (had): loss of function, disturbed heart tube elongation and

cardiogenic differentiation
[45]

Na+K+-ATPase α2 subunit (i) Morpholino knockdown: perturbed cardiac looping and laterality [45]

zERG

(i) reggae (reg): gain of function; Short-QT-Syndrome, no effect on heart development
(ii) breakdance (bre): loss of function; Long-QT-Syndrome, no effect on heart

development
(iii) S290−/−, S213−/−: loss of function; Long-QT-Syndrome
(iv) Morpholino knockdown, pharmacological modification: no effects on heart

development

[46–51]

antisense oligonucleotide targeting the translation initiation
site of this isoform a distinct phenotype occurs. The proper
cardiac laterality is perturbed; whereas in wild-type embryos
the hearts shifts to the left side by 24 hpf (cardiac jogging), the
heart of α2 knockdowns remains in midline or is displaced to
the right side in 51% of all injected embryos. Cardiac looping
is abnormal in half of the knockdown morphants [45].

In summary in zebrafish both Na+K+-ATPase isoformes
α1B1 and α2 contribute to cardiac development in zebrafish
in different ways: α1B1 defective mutants exhibit abnormal-
ities in heart tube extension and ventricular cardiomyocyte
differentiation as well as bradycardia and hypocontractility.
α2 isoform contributes to cardiac laterality [45].

2.6. Potassium Channels. Cardiac repolarization depends
mainly upon outward currents of potassium cations. Dif-
ferent potassium channels are involved in the repolarization
process. The outward current is provided by three delayed
rectifier K+-currents in humans (rapidly activating Ikr, slow
Iks, and ultrarapid Ikur). Inward currents are provided by
cardiac inward rectifier potassium channels encoded by the
Kir superfamily [9, 46].

KCNH2 or hERG (human ether-á-go-go related gene)
encodes the α subunit underlying rapidly activating delayed
rectifier K+-current Ikr [9]. In zebrafish hearts a highly
expressed orthologue has been found: zERG. Both hERG and
zERG contain six transmembrane segments, one Per-Arnt-
Sim (PAS) domain and a cyclic-nucleotide-binding region.
An overall amino acid identity between the two species
of 59% is shared, whereas in certain domains such as
the transmembrane and the catalytic domains, a markedly
higher homology is observed [47, 58]. Both ERG channels,

hERG and zERG, feature similar biophysical properties [48].
Several arrhythmias are linked to mutations in zERG chan-
nels including Short-QT-Syndrome and Long-QT-Syndrome
[47, 49].

A gain of function mutation in the homozygous zebrafish
mutant reggae (reg) prevents ERG channel inactivation. This
recessive mutation resides within the voltage sensor of zERG.
As a consequence accelerated repolarization, shortened
action potential duration, and premature channel reactiva-
tion occur. Reg mutants display intermittent cardiac arrest,
sinuatrial block, and atrial fibrillation already at embryonic
stages. In adulthood the zebrafish demonstrates shortened
QT-intervals on surface electrocardiograms. Besides the
arrhythmias, no disruptions in cardiac development are
observed. Essential steps of zebrafish heart development pro-
ceed properly in homozygous reg mutant embryos without
any abnormalities [47, 50].

The zebrafish mutant breakdance (bre) is the first animal
model for Long-QT-Syndrome. Ventricular bradycardia and
2 : 1 block between atrium and ventricle occur. Causative is a
loss of function mutation in the PAS-domain of zERG which
leads to an impairment of ERG protein trafficking and hence
reduced expression of zERG at the cell membrane. Cardiac
repolarization and thereby the QT-interval is prolonged.
Besides arrhythmias the bre mutants exhibit no specific
phenotype. Cardiac development appears to be normal
[49, 58]. Another zebrafish model for Long-QT-Syndrome
is provided by mutants with defects residing in KCNH2,
respectively, zERG. Two different loss of function mutations
(S290−/−, S213−/−) cause a mechanically silent ventricle and
pericardial edema. By 33 hpf the ventricle does not contract
and appears to be collapsed. Atrial function and morphology
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seem to be unaffected in these mutants at this developmental
stage. At the 48 hpf stage pericardial edema is noticeable
and increases gradually. After 10 days after fertilization the
homozygous zebrafish mutants die [51].

Neither Morpholino antisense oligonucleotide transla-
tion block of zERG nor incubation with zERG inhibitor
E-4031 in bathing solution cause disruptions in cardiac
development whereas arrhythmias, particularly bradycardia
and irregular atrial rhythms, can be provoked [17].

In summary, the different mutations of zERG cause
no specific cardiac phenotype. The regular heart rhythm
is disturbed and arrhythmias occur, whereas no major
structural alterations appear in the developing heart.

3. Conclusion

Several studies on chick, mouse, zebrafish, and other species
highlight the impact of ion channels on heart development.
Owing to the advantage of survival without circulation,
the zebrafish facilitates research on these cardiovascular
defects without distortion by hypoxia and opens up new
possibilities. Various methods enforced the results of stud-
ies on mammals and extended the previous knowledge:
ion channel mutants, knockdown by Morpholino anti-
sense oligonucleotides, and pharmacological modulation
exhibit perturbed heart development at different time points
(Table 1).

Voltage-gated sodium channels impinge on early car-
diogenic differentiation, whereas the Sodium-Calcium-
Exchanger NCX1h influences later stages of the differenti-
ation. Heart looping hinges on proper function of Ca2+-
ATPase SERCA2, while the voltage-gated L-type calcium
channel affects ventricular morphogenesis. The Na+K+-
ATPase isoformes have distinct functions: α1B1 facilitates
cardiac differentiation and extension of the heart tube. α2
isoform modifies laterality of cardiac precursors. The impact
of the variety of potassium channels is least understood.
Mutations in zERG cause no major structural alterations
during heart development.

The zebrafish’s heart proved to be a valuable model for
congenital and acquired cardiovascular disease in humans.
The findings on the role of ion channels in zebrafish embryos
provide new insights into cardiac development. In addition
to human pedigree studies and candidate gene screens the
zebrafish model might help to understand the underlying
mechanisms leading to congenital heart disease in humans.
As a consequence the invention of causative treatment
targeting the ion channels might become possible.

However the heart begins to function during its forma-
tion. Cardiogenic differentiation and morphogenesis occur
simultaneously and interact mutually. Some of the develop-
mental steps of the heart seem to be independent of proper
cardiomyocyte function while others depend on normal
function. The recent findings on ion channels and heart
development highlight the crucial role of ion channels for
specification, differentiation, and morphogenesis. Yet, the
mechanisms how the ion conducting pores exert influence
on heart development remain unclear. Ion flux dependent

and independent functions of ion channels in the developing
heart seem to exist. Hence there is still a lot to be learned
from zebrafish.
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The concerted action of ion channels and pumps establishing a resting membrane potential has been most thoroughly studied
in the context of excitable cells, most notably neurons, but emerging evidences indicate that they are also involved in controlling
proliferation and differentiation of nonexcitable somatic stem cells. The importance of understanding stem cell contribution to
tissue formation during embryonic development, adult homeostasis, and regeneration in disease has prompted many groups to
study and manipulate the membrane potential of stem cells in a variety of systems. In this paper we aimed at summarizing the
current knowledge on the role of ion channels and pumps in the context of mammalian corticogenesis with particular emphasis
on their contribution to the switch of neural stem cells from proliferation to differentiation and generation of more committed
progenitors and neurons, whose lineage during brain development has been recently elucidated.

1. Introduction

An extensive literature has described the features and
properties of bioelectric gradients and signaling in a variety
of tissues of many species during development, adulthood,
and regeneration [1–5]. In particular for the developing
nervous system, it has become clear that the concerted
action of membrane channels and ion pumps establishing
a resting membrane potential (Vmem) and other bioelectric
parameters plays important roles in migration, survival,
maturation, and functionality of newborn neurons [6–8].
Certainly less investigated is whether similar parameters may
also play a role in controlling the switch of neural stem
and progenitor cells (altogether referred to as NSC) from
proliferative to neurogenic divisions but various evidences
have accumulated in recent years making this possibility
likely; in particular, when considering the multiple factors
coupling bioelectric gradients and cell cycle progression [1, 7,
9, 10] as well as the effects of cell cycle length on proliferation
versus differentiation of neural, and other somatic, stem cells
[11, 12].

However, the limits of our knowledge in this area are par-
ticularly evident during mammalian brain development in
which the establishment of new, sophisticated tools has only
recently allowed the characterization of the physiological
lineage of NSC. Specifically, during embryonic development
of the mammalian cortex, polarized radial-glial cells, also
referred to as apical progenitors (AP) forming the ventricular
zone (VZ), progressively switch from divisions that generate
additional AP to divisions that generate more committed,
neurogenic progenitors leaving the VZ to form the subven-
tricular zone (SVZ) at its pial, or basal, boundary; hence
the name basal progenitors (BP) [13, 14]. BP lose polarity,
have limited self-renewal potential, and are soon consumed
through symmetric neurogenic divisions to generate a pair of
postmitotic neurons that migrate towards the pial surface to
form the various neuronal layers of the mammalian cortex
[13, 14] (Figure 1). Currently, most mammalian cortical
neurons are thought to be derived from BP, rather than
AP, and, interestingly, the appearance of this subpopulation
of cells specifically in mammals has been proposed to be
a critical step through which the massive enlargement in
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Figure 1: Scheme representing cell types in the developing
mammalian cortex with (from top to bottom) neurons, basal
(BP), and apical (AP) progenitors forming the cortical plate
(CP), intermediate (IZ), subventricular (SVZ), and ventricular
(VZ) zones, respectively. Lineages are depicted (arrows). Note the
distinction between apical and basolateral plasma membrane of AP
establishing the apicobasal polarity of the developing cortex.

cortical surface area has been achieved during evolution of
our species [15–17].

Unfortunately, major technical limitations in investigat-
ing the role of bioelectric signals in neurogenic commitment
during development have prompted most groups to use
nonmammalian organisms, lacking BP, as model systems.
Moreover, of the few reports in which mammalian NSC
have been used, the vast majority were carried out in
cultures of dissociated cells in which the loss of positional
information and polarity makes it difficult to identify and
compare characteristics of AP and BP. For these reasons, our
knowledge about bioelectric signaling during mammalian
brain development is very limited and its role in controlling
the switch from proliferating AP to neurogenic BP can only
be retrospectively inferred from previous studies in which
these questions were, if any, only indirectly addressed.

Other authors have already summarized our current
knowledge about a potential role of bioelectric signaling
in stem cell function in various tissues or, within the
nervous system, without considering progenitor lineages
of the mammalian cortex [1–4, 7–9]. Thus, in this paper
we attempted to make the retrospective links that may
help address its role in the switch of mammalian NSC
from proliferation to neurogenesis, which is fundamental
towards understanding brain development and, perhaps,
designing novel approaches of therapy of the mammalian
central nervous system. Considering the extensive breadth
of this area of research, we decided to focus our attention
exclusively on the role of ion channels and pumps and
their role in establishing a resting membrane potential

in mammalian NSC of the developing embryo without
discussing other bioelectric features, such as capacitance
and input resistance, or additional roles of ion channels
and metabotropic transporters involved in intracellular Ca2+

signaling, that were discussed elsewhere [1–8].

2. Establishing a Resting Membrane
Potential in NSC

The fundamental mechanisms controlling the resting mem-
brane potential of NSC are essentially identical to those of
any other cell type being regulated by the permeability of
ion channels and the activity of ion pumps and exchangers
establishing ion gradients across membranes [8, 18–20].
Members of the first group include “leak” as well as voltage-
and ligand-gated channels that allow the passive diffusion
of ions through membranes after opening as a result of a
change in voltage or binding to a specific ligand, respectively
[18, 20]. Examples of the second group include various types
of ATPases and other enzymatic complexes exchanging ions
through membranes against their gradients by consumption
of energy, including the ubiquitous Na+/K+, H+, Ca2+

ATPases, and Na+/K+/Cl− cotransporters covering almost the
whole spectrum of biologically relevant ions [18, 19]. The
roles of the three major classes of ion channels and pumps
in embryonic mammalian neurogenesis will be discussed
separately.

2.1. Voltage-Gated Ion Channels. The study of voltage-
gated ion channels has been particularly important for
understanding the origin of action potentials, but recent
evidences suggest that they may play important roles also in
nonexcitable cells such as NSC. Several channels responsible
for establishing a Vmem in NSC during development [21]
and adulthood [22] have been characterized, but many
discrepancies and uncertainties remain with regard to the
specific features of the bioelectric state and signaling in
different subpopulations of NSC. In particular, of the main
types of voltage-gated K+ currents both outward, delayed
rectifier [21, 23–25] and inward rectifier currents in response
to hyperpolarizing pulses [21] were detected. On the other
hand, fast, A-type, transient outward K+ currents were
detected in NSC cultures [21, 23–25] but not in the VZ of
organotypic slices [26].

Since the resting membrane potential of most animal
cells is slightly higher than the reversal potential of K+,
the overall effect of blocking K+ channels is to promote
depolarization; this most typically correlates with increased
cell proliferation. In fact, voltage-gated K+ currents are
involved in the regulation of the ce ll cycle, in particular
G1, in many cell types [1, 7, 9, 10, 27], including NSC [8,
22], and treating NSC with certain K+ channels antagonists
promoted their proliferation in a number of assays [23, 28–
30]. For example, blockage of voltage-gated delayed rectifier
K+ channels in cells isolated from rat midbrain increased the
proportion of dividing precursors from ca. 10 to 30% [23].
In 12-week human fetal NSC, inhibition of delayed-rectifier
K+ channels either did not affect proliferation or increased it,
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depending on the blocker used, while inhibition of A-type K+

channels impaired cell viability [29]. This proliferation effect
of certain blockers of K+ channels has also been confirmed
in adult neurogenic or embryonic gliogenic progenitors in
which increased or decreased proliferation has been observed
depending on which particular subtype of K+ channels
has been blocked [28, 30]. Along these lines, a block in
K+ channels in oligodendrocyte progenitors correlated with
inhibited proliferation and an increase in the levels of the G1-
specific cyclin-dependent kinase inhibitors p21 and p27 [31].

Reconciling these partly contrasting results is difficult
not only because the pharmacological approaches and origin
of NSC varied among studies but also because effects on
membrane potential as a result of a block of one given type
of K+ channel were rarely measured to corroborate effects on
de- versus hyperpolarization.

The K+ currents found in NSC are also present in
immature neurons in which inward Na+ currents soon
appear that increase their amplitude during neuronal matu-
ration until reaching values characteristic of mature neurons
[26, 32]. In contrast to K+, the presence of voltage-gated
Na+ channels in NSC is controversial. Several studies have
detected low Na+ currents in NSC preparations, but these
were present only in a relatively small subpopulation of cells
of which most have been classified as early born neurons
[21, 33], a conclusion that was also corroborated by direct
measurement of NSC in the VZ of mouse cortical slices [34].
Nevertheless, it cannot be excluded that Na+ currents may
appear in more committed neurogenic progenitors, such as
BP, since these cells were reported to initiate the expression
of genes characteristically identifying postmitotic neurons
[35, 36]. This possibility is consistent with the detection of
Na+ current in only a subpopulation of cortical progenitors
[33] and is not invalidated by the absence of Na+ currents in
the VZ [34] since this latter study was limited to cells with
radial morphology, that is, AP.

Direct evidence for the appearance of depolarizing Na+

currents in the transition from AP to BP can be retrospec-
tively inferred from a study by Bahrey and Moody in which
organotypic slice cultures from the embryonic day (E) 14
mouse brain were used to measure bioelectrical parameters
of different progenitor subtypes [26]. Upon labeling with
vital dyes, the authors could identify radial versus nonradial
cells within the VZ observing a bias for the presence of
Na+ currents in the latter population [26]. Interestingly,
the proportion of cells in the VZ displaying Na+ currents
increased during development from 0, 30, and then 50% at
E9, E14 and E16, respectively [26]. Not only these values fit
remarkably well with the proportion of BP detected in the
VZ [37], but one year after the study by Bahrey and Moody
three independent reports could also demonstrate that the
vast majority of nonradial cell in the VZ are, indeed, BP
[38–40]. Thus, it can now be retrospectively concluded that
the work by Bahrey and Moody provided the first strong
evidence for a difference in AP versus BP currents at a time
when, remarkably, cellular and molecular features of BP were
not even characterized.

Similar to K+, the presence of voltage-gated Ca2+ currents
in NSC is consistently reported by various studies. Inward

currents were detected in cells within the VZ in brain slices
and dissociated cultures [26, 41, 42], and since similar
currents were elicited also in preparations from E10 rat
spinal cord [21], that are known to lack BP, it is likely that
voltage-gated Ca2+ channels are a feature of all NSC. In
cells isolated from human embryonic central nervous sytem
[43] and P0 mouse cortex [44] small Ca2+ currents were
only detected upon differentiation conditions in cells with
neuronal morphology. Treating NSC with blockers of L-
type voltage-gated Ca2+ channels has been found to reduce
the number of neurons in differentiation conditions while,
conversely, activating the channels triggered the opposite
effect [44]. Yet, since the same experiments failed to detect
Ca2+ currents in undifferentiated NSC [44], it may be
concluded that the different number of neurons detected in
this study may be attributed to effects on neuronal survival
or an altered timing in the expression of neuronal markers in
postmitotic cells rather than to a change in the fate of NSC
proper.

The expression pattern during development of the fourth
type of ion channels, Cl−, has also been described [45], but
functional experiments on their role in NSC differentiation
are missing.

Altogether, several reports point to a role of voltage-gated
ion channels in NSC proliferation with K+ channels being
more consistently implicated in this process. Most studies
in this area were performed using dissociated cells, or in
slice cultures but without considering different progenitor
subtypes, thus making it difficult to infer differences between
AP and BP; the latter probably being characterized by the
presence of Na+ currents [26]. It has been suggested that
depolarization has a positive effect on proliferation [1, 7, 9],
and many of the studies discussed above extend this view to
NSC via manipulations that alter the activity of voltage-gated
ion channels (Figure 2). Yet, the molecular mechanisms
underlying this correlation are unknown.

2.2. Ligand-Gated Ion Channels. The study of ligand-
gated ion channels is most typically associated with the
understanding of neurotransmitter-dependent excitability of
neurons and neuroendocrine cells, but evidences collected
over the years have shown that at least two ligands, γ-
aminobutyric acid (GABA) and glutamate, play important
roles in NSC activity not only in the adult [46] but also in the
developing brain even before functional synapses are formed
[41, 47, 48].

Among the most extensively studied, the GABAA recep-
tor is a ligand-gated Cl− channel and because of the
particular pattern of Cl− transporters expressed in NSC
of the embryonic brain [49, 50], these cells present a low
Cl− reversal potential implying that during development
GABA depolarizes NSC and immature neurons instead of
hyperpolarizing them as it does in the mature brain [48].
Functional GABAA receptors and GABA are expressed in
mammalian NSC during brain development [41, 51] acting
through paracrine/autocrine signaling [47, 52, 53], and NSC
in the VZ start to respond to GABA by depolarizing Vmem at
E15 but not before [41]. The cellular origin of nonsynaptic
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GABA release is still controversial, but there is evidence for
the presence of a synthetic machinery in NSC [51].

Several studies have pointed to an effect of GABA on NSC
proliferation. LoTurco et al. found that GABA inhibits DNA
synthesis in embryonic rat cortical explants and since GABA
caused a reversible increase in [Ca2+]i, and depolarization by
K+ had similar effects to GABA, the authors hypothesized
that the effect on proliferation is mediated through activation
of voltage-gated Ca2+ channels [41]. Consistently, GABA
administration on dissociated cells was found to inhibit
proliferation while promoting differentiation [54, 55]. On
the other hand, Haydar et al. subsequently observed that
GABA increased proliferation with a shortening of the
cell cycle and decreased differentiation in the VZ while,
interestingly, the opposite effect was found in the SVZ,
where BP reside [56]. Clearly, differences between AP and
BP were lost when NSC were pulled together [41] or studied
using dissociated cultures [54, 55]. Other reports have
also pointed to a positive effect of GABA on proliferation
[57], and a vast literature has described its many effects
on survival, migration, maturation, and synaptogenesis of
newborn neurons [48, 52, 53].

Glutamate is the principal excitatory neurotransmitter
in the adult cerebral cortex whose signals, as for GABA,
are mediated by ionotropic and metabotropic receptors. The
former group is further subdivided into three types based
on their pharmacological and electrophysiological properties
and named after their specific agonists: NMDA, AMPA, and
KA receptors [58]. Considering the similar effect of GABA
and glutamate on depolarization, it is not surprising that
both neurotransmitters elicited similar effects on NSC.

The presence of NMDA receptors in NSC has been
reported in several systems including NSC lines, primary
cultures, and organotypic slice preparations displaying low
expression levels of this receptor and small NMDA-mediated
currents [59–62]. The fact that the NMDA-elicited currents
observed in the VZ are all but a small fraction of those in
the cortical plate, where neurons reside, [62] may explain
why these currents were not detected by previous studies
[41].

One early work reported increased proliferation upon
block of NMDA receptors in NSC of the VZ and SVZ in
slice cultures [62], but later studies consistently reached the
opposite conclusion by showing that agonists of NMDA
receptors increase proliferation while, conversely, antagonists
trigger the opposite effect in vitro and in vivo [42, 63–65].

AMPA and KA receptors are expressed during devel-
opment as early as E10 [60, 66]. In rat cortical slices, an
increasing proportion of cells in the VZ depolarized upon
AMPA or KA exposure as a function of developmental time
from 0 to 100% between E14 and E16 [41]. Exposure to KA
in rat cortical slices decreased NSC proliferation [41], while
exposure to AMPA or KA agonists in mouse cortical slices
shortened the cell cycle in the VZ but had the opposite effect
on the SVZ while inhibiting neurogenesis [56].

Other ionotropic receptors for glycine, acetylcholine,
and serotonin have also been implicated in neuronal
development but primarily in the maturation, migration,
synaptogenesis, and circuit formation of postmitotic neurons

rather than in the regulation of NSC proliferation versus
differentiation proper [52, 53].

Most of the limitations discussed in the context of
voltage-dependent ion channels with regard to their involve-
ment in AP to BP transition during mammalian cortical
development hold true for ligand-dependent ion channels,
and equally valid is the overall positive correlation between
manipulations that depolarize NSC and increased prolifera-
tion (Figure 2).

2.3. Ion Pumps. The third big family of proteins essential
for establishing an electric potential across membranes com-
prises enzymatic macrocomplexes converting energy, most
typically chemical in the form of ATP or electrochemical
gradients, to pump ions against their concentration gradient
[18, 19]. An additional, and equally important, role of certain
pumps is to regulate the concentration of ions in intracellular
compartments as, for example, in the case of the ubiquitous
H+ ATPase responsible for the acidification of endosomes
and other organelles [67, 68].

Despite their importance in a number of fundamental
biological processes, few studies have addressed the effects
of manipulating the activity of ion pumps in neural devel-
opment; even fewer were focused on mammalian cortico-
genesis. For example, the Na+/K+ and Ca2+ ATPases have
been shown to mediate dendritic outgrowth of mammalian
cortical neurons [69] and midline signaling in zebrafish
embryos [70]. Loss of function of the H+ ATPase in Xenopus
has been shown to inhibit development and regeneration
[71, 72], while gain of function had the opposite effect [71].

Due to their multiple roles [67, 68], it is currently
difficult to determine to which extent the effects induced
by manipulations of ATPases are primarily due to a change
in membrane potential as compared to other functions
including endocytosis, trafficking, and signaling. Neverthe-
less, several observations suggest that the latter functions
may be the most relevant ones during development. In
particular, manipulations of the Na+/K+ ATPase during den-
dritogenesis of rat cortical neurons were not accompanied
by a change in membrane potential but rather by a change
in Ca2+/calmodulin-dependent protein kinase signaling and
cAMP-responsive element gene expression [69]. Moreover,
the inhibition of Ca2+ ATPases that was shown to induce
developmental defects in zebrafish was achieved by manip-
ulating pumps specifically of the endoplasmic reticulum
leading to increased intracellular Ca2+ and, thus altering
the complex Ca2+-dependent signaling events occurring
during development more than changing Vmem proper [70].
Finally, with regard to the role of the H+ ATPase various
laboratories have independently shown that its inhibition
affects the transduction of important signaling molecules,
such as Notch [73, 74] and Wnt [75], that are known to
control proliferation, tissue patterning, and development
throughout the animal kingdom [76–79].

While essentially all experiments on the role of the H+

ATPase in stem cell differentiation were performed in non-
mammalian species, recent evidences from our laboratory
could extend the role of this proton pump in Notch signaling
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during mammalian cortical development [80]. In these
experiments, a dominant-negative subunit of the H+ ATPase
was overexpressed during mouse embryonic development
in NSC triggering their premature differentiation through a
reduction of endogenous Notch signaling [80]. These and
other experiments [73, 74, 80] support the notion that
intracellular cleavage of activated Notch requires trafficking
through acidic endosomes [81–83], but the intrinsic dif-
ficulties in distinguishing between cell autonomous versus
extrinsic effects, and reports showing that Notch signaling
may not require endocytosis [84–86], have led to a long
debate in the field. Nevertheless, the fact that ATPases can
have multiple effects at the level of (i) the cell biophysical
state, (ii) signaling of differentiation molecules, and (iii)
cell cycle length, places these enzymatic complexes in an
ideal position to control the differentiation of NSC during
mammalian corticogenesis.

Cation-chloride cotransporters are a family of membrane
proteins that use the Na+/K+ transmembrane electrochemi-
cal gradient to transport Cl− against its gradient. This family
is composed by seven members, most of which are expressed
in neurons, with only one K+ (KCC4) and one Na+ (NKCC1)
coupled cotransporters being detected in the proliferative
zones of the developing cortex and being responsible for
pumping Cl− outside or inside the cell, respectively [49, 50,
87]. KCC4 expression is specific for the VZ and SVZ and its
levels seem to increase during development from E12 to E14
and disappear perinatally [50]. NKCC1 expression in NSC
similarly increases during development, but it then switches
from NSC to neurons before birth [50].

The high expression of NKCC1 in the embryonic VZ
[50] provides an explanation for the high [Cl−]i underlying
GABAA depolarization response in AP [50, 88]. In addition
to NSC, NKCC1 is also highly expressed in immature cortical
neurons from E18 to the first postnatal week [49, 50] while
KCC2 shows a marked increase only after the first postnatal
week [45, 49, 50]. These changes in the composition of Cl−

transporters during the first weeks of life are probably the
cause for the reduced [Cl−]i responsible for the excitatory
versus inhibitory effects of GABA [88–91].

3. Membrane Potential and Proliferation
versus Differentiation of NSC

The primary role of the concerted action of ion channels
and pumps is to regulate the Vmem of cells and, thus, it is
reasonable to assume that their effect on proliferation of NSC
should be interpreted in the context of this function.

Various groups have measured the membrane potential
of mammalian NSC during embryonic development by
different approaches resulting in Vmem values that ranged
from a maximum of −40 mV to a minimum of −70 mV [21,
25, 26, 50, 88, 92–94]. Because a higher proliferative activity
is known to correlate with a less negative, or depolarized,
Vmem [1, 7, 9] and NSC, in particular BP, lengthen their
cell cycle as development proceed [12, 95], it would be
expected that the different Vmem measured by the different

authors should reflect the use of NSC at different develop-
mental stages. Reinforcing this expectation, more negative,
or hyperpolarized, Vmem during development may also be
deduced from the fact that (i) adult NSC tend to be more
hyperpolarized than embryonic NSCs [22], (ii) the activity of
the K+/Na+/2 Cl− transporter decreases during development
[88], and (iii) developmentally regulated growth factors and
signaling molecules influencing the cell cycle also influence
the activity of ion channels [32, 96]. Yet, while comparing the
measurements performed at different developmental stages,
or from different regions of the central nervous system that
contain, or lack, BP, [21, 25, 26, 50, 88, 92–94] we were
unable to detect any specific trend.

Certainly, the lack of evidence for a change in Vmem

during development, and in particular between AP and BP,
should not be considered as an evidence for its lack since
this comparison has never been directly pursued. Many of
the reports discussed above are consistent with the view
that an artificial depolarization of NSC may increase their
proliferative potential and delay neurogenesis, but some
are not and reconciling them is particularly difficult if one
considers the diverse approaches and experimental condition
used among studies including NSC of different origins and
culture conditions, diverse pharmacological approaches to
manipulate the activity of various ion channels or pumps
without necessarily measuring an effect on Vmem or, even
less so, cell cycle length. Moreover, in nearly all studies
discussed, it is difficult to assess whether hyperpolarization
is a cell-intrinsic feature of a given subpopulation of differ-
entiating NSC, such as BP that increase in number during
development, or, alternatively, an overall characteristic of
tissues at different embryonic stages, as would be expected
from the fact that ion concentrations in the cerebrospinal
fluid fluctuate during mammalian development [97]. In fact,
discriminating between these possibilities would require the
measurement and manipulation of Vmem concomitantly in
two coexisting subpopulations of cells, such as multipotent
AP and more committed BP, at one given developmental
time. Clearly, the ideal conditions to performing such
experiments are those in which other bioelectric features
of NSC, including capacitance, conductivity, and electric
coupling mediated by junctions are preserved within an
intact tissue.

The technical limitations intrinsic in these experiments
are daunting, but recent developments provide the key
towards addressing the role of Vmem in mammalian neuro-
genesis.

4. Conclusions

For many years the lineage of NSC during mammalian
corticogenesis has been indirectly inferred from fixed tissues
or retrospectively deduced upon S-phase labeling in vivo.
Only recently has the establishment of time-lapse videomi-
croscopy and transgenesis evolved to the point that direct
visualization of AP and BP divisions in organotypic slice
cultures became possible [38–40]. Moreover, the identifica-
tion of molecular markers for BP [37], the generation of
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transgenic reporter mice allowing their visualization in alive
tissues [98, 99], and new methods to genetically manipulate
individual cells in brain cortical slices [100] while also
monitoring G1/S/G2 progression [101] currently allow us
to directly investigate the role of ion channels, pumps, and
their effects on membrane potential during mammalian
corticogenesis at the single-cell level. Overcoming the use
of dissociated cells cultures and uncertainties with regard to
the identity of different progenitors subtypes, these powerful
new tools may allow us to reveal a new role of bioelectric
signaling in NSC differentiation and likely reconcile the
different reports that were discussed in this paper.

Similarly, great emphasis on the role of apicobasal
polarity in AP/BP transition and neurogenesis has recently
come to light in particular in the context of asymmetric
cleavage plane orientation [102], subcellular localization of
cell cycle regulators [103], and evolution of the mammalian
brain [104]. This in turn triggers the question as to whether
or not the subcellular localization of certain channels or
pumps, rather than their absolute expression levels, might
be important for cell fate change. Unfortunately, however,
identification of ion pumps and channels in tissues has been
historically established by electrophysiology or, alternatively,
by in situ hybridization, neither of which provides any
information about protein localization. When immunohis-
tochemical characterization was undertaken [23, 25, 44, 54,
55, 64, 65], this was performed either on dissociated cells
where apicobasal polarity is lost or in intact tissue but
exclusively for the Na-K-Cl cotransporter that showed no
preferential localization in the apicobasal axis [50].

Apparently, the two big fields comprising (i) cell biol-
ogists studying the cell cycle, lineage, and polarity of NSC
and (ii) physiologists studying their channels, pumps, and
membrane potential have seldom met. We hope that our
paper may underline the importance of this interdisciplinary
field.
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Bräuninger, and W. B. Huttner, “Live imaging at the onset
of cortical neurogenesis reveals differential appearance of
the neuronal phenotype in apical versus basal progenitor
progeny,” PLoS One, vol. 3, no. 6, Article ID e2388, 2008.

[36] Y. Ishii, S. Nakamura, and N. Osumi, “Demarcation of early
mammalian cortical development by differential expression
of fringe genes,” Developmental Brain Research, vol. 119, no.
2, pp. 307–320, 2000.

[37] C. Englund, A. Fink, C. Lau et al., “Pax6, Tbr2, and Tbr1 are
expressed sequentially by radial glia, intermediate progenitor
cells, and postmitotic neurons in developing neocortex,”
Journal of Neuroscience, vol. 25, no. 1, pp. 247–251, 2005.

[38] S. C. Noctor, V. Martinez-Cerdeño, L. Ivic, and A. R. Krieg-
stein, “Cortical neurons arise in symmetric and asymmetric
division zones and migrate through specific phases,” Nature
Neuroscience, vol. 7, no. 2, pp. 136–144, 2004.

[39] W. Haubensak, A. Attardo, W. Denk, and W. B. Huttner,
“Neurons arise in the basal neuroepithelium of the early
mammalian telencephalon: a major site of neurogenesis,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 101, no. 9, pp. 3196–3201, 2004.

[40] T. Miyata, A. Kawaguchi, K. Saito, M. Kawano, T. Muto, and
M. Ogawa, “Asymmetric production of surface-dividing and
non-surface-dividing cortical progenitor cells,” Development,
vol. 131, no. 13, pp. 3133–3145, 2004.

[41] J. J. LoTurco, D. F. Owens, M. J. S. Heath, M. B. E. Davis, and
A. R. Kriegstein, “GABA and glutamate depolarize cortical
progenitor cells and inhibit DNA synthesis,” Neuron, vol. 15,
no. 6, pp. 1287–1298, 1995.

[42] J. Y. Joo, B. W. Kim, J. S. Lee et al., “Activation of
NMDA receptors increases proliferation and differentiation
of hippocampal neural progenitor cells,” Journal of Cell
Science, vol. 120, no. 8, pp. 1358–1370, 2007.

[43] D. R. Piper, T. Mujtaba, M. S. Rao, and M. T. Lucero,
“Immunocytochemical and physiological characterization of
a population of cultured human neural precursors,” Journal
of Neurophysiology, vol. 84, no. 1, pp. 534–548, 2000.

[44] M. D’Ascenzo, R. Piacentini, P. Casalbore et al., “Role
of L-type Ca2+ channels in neural stem/progenitor cell
differentiation,” European Journal of Neuroscience, vol. 23, no.
4, pp. 935–944, 2006.

[45] G. H. Clayton, K. J. Staley, C. L. Wilcox, G. C. Owens, and
R. L. Smith, “Developmental expression of ClC-2 in the rat
nervous system,” Developmental Brain Research, vol. 108, no.
1-2, pp. 307–318, 1998.

[46] S. Z. Young, M. M. Taylor, and A. Bordey, “Neurotransmitters
couple brain activity to subventricular zone neurogenesis,”
European Journal of Neuroscience, vol. 33, no. 6, pp. 1123–
1132, 2011.

[47] M. Demarque, A. Represa, H. E. Becq, I. Khalilov, Y. Ben-Ari,
and L. Aniksztejn, “Paracrine intercellular communication
by a Ca2+- and SNARE-independent release of GABA and
glutamate prior to synapse formation,” Neuron, vol. 36, no.
6, pp. 1051–1061, 2002.

[48] D. D. Wang and A. R. Kriegstein, “Defining the role of GABA
in cortical development,” Journal of Physiology, vol. 587, no.
9, pp. 1873–1879, 2009.

[49] C. Wang, C. Shimizu-Okabe, K. Watanabe et al., “Devel-
opmental changes in KCC1, KCC2, and NKCC1 mRNA
expressions in the rat brain,” Developmental Brain Research,
vol. 139, no. 1, pp. 59–66, 2002.

[50] H. Li, J. Tornberg, K. Kaila, M. S. Airaksinen, and C. Rivera,
“Patterns of cation-chloride cotransporter expression during
embryonic rodent CNS development,” European Journal of
Neuroscience, vol. 16, no. 12, pp. 2358–2370, 2002.

[51] W. Ma and J. L. Barker, “Complementary expressions of
transcripts encoding GAD67 and GABA(A) receptor α4, β1,
and γ1 subunits in the proliferative zone of the embryonic rat
central nervous system,” Journal of Neuroscience, vol. 15, no.
3, pp. 2547–2560, 1995.

[52] H. Le-Corronc, J. M. Rigo, P. Branchereau, and P. Legen-
dre, “GABAA receptor and glycine receptor activation by
paracrine/autocrine release of endogenous agonists: more
than a simple communication pathway,” Molecular Neurobi-
ology, vol. 44, no. 1, pp. 28–52, 2011.

[53] L. Nguyen, J. M. Rigo, V. Rocher et al., “Neurotransmitters
as early signals for central nervous system development,” Cell
and Tissue Research, vol. 305, no. 2, pp. 187–202, 2001.

[54] J. Antonopoulos, “Activation of the GABAA receptor inhibits
the proliferative effects of bFGF in cortical progenitor cells,”
European Journal of Neuroscience, vol. 9, no. 2, pp. 291–298,
1997.

[55] L. Nguyen, B. Malgrange, I. Breuskin et al., “Autocrine/para-
crine activation of the GABAA receptor inhibits the pro-
liferation of neurogenic polysialylated neural cell adhesion



Stem Cells International 9

molecule-positive (PSA-NCAM+) precursor cells from post-
natal striatum,” Journal of Neuroscience, vol. 23, no. 8, pp.
3278–3294, 2003.

[56] T. F. Haydar, F. Wang, M. L. Schwartz, and P. Rakic, “Differen-
tial modulation of proliferation in the neocortical ventricular
and subventricular zones,” Journal of Neuroscience, vol. 20,
no. 15, pp. 5764–5774, 2000.

[57] T. Cesetti, T. Fila, K. Obernier et al., “GABAA receptor
signaling induces osmotic swelling and cell cycle activation
of neonatal prominin+ precursors,” Stem Cells, vol. 29, no. 2,
pp. 307–319, 2011.

[58] S. Nakanishi, “Molecular diversity of glutamate receptors and
implications for brain function,” Science, vol. 258, no. 5082,
pp. 597–603, 1992.
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Bioelectrical signals generated by ion channels play crucial roles in many cellular processes in both excitable and nonexcitable cells.
Some ion channels are directly implemented in chemical signaling pathways, the others are involved in regulation of cytoplasmic
or vesicular ion concentrations, pH, cell volume, and membrane potentials. Together with ion transporters and gap junction
complexes, ion channels form steady-state voltage gradients across the cell membranes in nonexcitable cells. These membrane
potentials are involved in regulation of such processes as migration guidance, cell proliferation, and body axis patterning during
development and regeneration. While the importance of membrane potential in stem cell maintenance, proliferation, and
differentiation is evident, the mechanisms of this bioelectric control of stem cell activity are still not well understood, and the role
of specific ion channels in these processes remains unclear. Here we introduce the flatworm Macrostomum lignano as a versatile
model organism for addressing these topics. We discuss biological and experimental properties of M. lignano, provide an overview
of the recently developed experimental tools for this animal model, and demonstrate how manipulation of membrane potential
influences regeneration in M. lignano.

1. Introduction

Ion channels represent a diverse family of pore-forming
proteins. They are crucial for establishing voltage gradients
across plasma membranes by allowing the flow of inorganic
ions (such as Na+, K+, Ca2+, or Cl−) down their electrochem-
ical gradients. Ionic flux through the channels provides the
foundation for membrane excitability, which is essential for
the proper functioning of neurons, cardiac, and muscle cells
[1]. At the same time, ion channels serve many functions
apart from electrical signal transduction. For example, Ca2+

is an important messenger, and changes in its intracellular
concentrations influence numerous cellular processes in
virtually all types of nonexcitable cells [2–4], including stem
cells [5–7]. Besides, a number of ion channels are known

to be directly involved in chemical signaling pathways in
different cell types [8, 9]. As a result, mutations in genes
encoding ion channel proteins have been associated with
many disorders (so-called “channelopathies”), caused by
dysfunction of both excitable (epilepsy, hypertension, cardiac
arrhythmia) and nonexcitable (diabetes, osteopetrosis, and
cystic fibrosis) cells [10]. Here we briefly describe the crucial
role ion channels play in maintenance, proliferation, and
differentiation of stem cells on the level of single cell and the
whole organism. We discuss the importance of animal model
systems, such as flatworms, for studying bioelectric signal-
ing in complex morphogenesis during development and
regeneration. Finally, we introduce the new flatworm model,
Macrostomum lignano, and discuss its experimental potential
for dissecting the roles of ion channels in stem cell regulation.
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Figure 1: Ion channels and membrane voltage during regeneration. Changes of membrane potentials can directly affect different aspects of
cell behavior and large-scale morphogenetic processes during regeneration. Ion channels and transporters implicated in these processes are
mentioned in brackets.

2. Ion Channels and Membrane Potential in
Stem Cells

Numerous ion channels and pumps together with gap
junction complexes form transmembrane voltage gradients.
While quick changes of these membrane potentials (Vmem)
are best described in neurons, muscle, and cardiac cells,
long-term steady-state Vmem levels are present in all other
cells [11, 12]. Membrane potentials strongly correlate with
the mitotic ability of different cell types, with the high
resting potential associated with differentiated nondividing
cells [13]. Vmem fluctuations during progression through
the cell cycle have been reported in a number of cell
types, and changes of membrane potential appear to be
required for both G1/S and G2/S phase transitions [14–16].
Modulation of Vmem through applied electric fields or by
inhibition of ion channels leads to cell cycle arrest in dividing
cells [17–20], and artificial membrane hyperpolarization
induces differentiation of mesenchymal stem cells [21]. On
the other hand, electroporation (supposedly followed by
membrane depolarization) activates cell hyperproliferation
and de-differentiation [22].

On the level of multicellular organism, progression
through the cell cycle should be strictly regulated and
synchronized during such processes as development and
regeneration in order to achieve a proper body patterning.
Accordingly, stable and reproducible membrane polarization
patterns have been recently described in various model
organisms. Artificial modulation of these patterns during
development or regeneration has a large impact on left-
right asymmetry and anterior-posterior identity [23–27].
The role of bioelectric signaling in regeneration is com-
prehensively reviewed in [28] and schematically shown in
Figure 1. Finally, modulations of membrane voltage have

been observed in a large number of oncological disorders,
and ion channels were proposed as cancer treatment targets
[29, 30].

Thus, bioelectric signaling is an important mechanism of
cell regulation, including stem cell maintenance, prolifera-
tion and differentiation. Recent findings suggest this control
system to be well conserved in a wide range of animal phyla.
However, the mechanisms linking membrane potential to the
cell cycle, proliferation and differentiation, and the role of
specific ion channels in this process remain largely unclear.
The picture becomes even more complicated on the level
of multicellular organism. Our understanding of the ways
cells produce and receive bioelectric signals and translate
them into positional information during development and
regeneration is still fairly poor. While considerable knowl-
edge about the role of membrane potential in stem cells
was gathered recently from different species, the number of
models used in this field is still limited. Expanding the range
of model organisms used for functional studies of bioelectric
signaling is crucial for better understanding of this control
system and its role in complex morphogenesis.

3. Planarian Models in Ion Channel Research

Planarian flatworms are long-established models for stem
cell and regeneration research. The adult stem cell system
and regeneration capacity of the species Planaria maculata
and Planaria lugubris were described by Morgan as early as
in the end of 19th century [31, 32]. In our days the favorite
planarian species for research in the regeneration field
are Schmidtea mediterranea and Dugesia japonica [33, 34].
Planaria were also one of the first species in which stable
membrane potential patterns were described, and their
role in regeneration postulated. In 1940s and 1950s Marsh
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and Beams were able to specifically control establishing of
anterior-posterior axis by providing bioelectrical signals to
regenerating planaria fragments [35–37].

In the last 5 years considerable work was done in
planaria on understanding the molecular and genetic mech-
anisms that allow cells to establish and maintain long-
term membrane potential patterns and transduce bioelec-
tric signals into proliferation and differentiation decisions.
The importance of gap junction signaling in establishing
anterior-posterior polarity during regeneration was shown
[38], and the specific innexin gene, Smedinx-11, responsible
for blastema (regenerating tissue) formation and stem cell
maintenance identified [39].

The role of ion channels and pumps in the establishment
of anterior-posterior axis during regeneration of planaria D.
japonica was recently highlighted by groups of Michael Levin
and Jonathan Marchant. D. japonica, which can regenerate
an entire animal from a small part of a cut worm, has highly
depolarized cell membranes in the head region, and highly
polarized in the posterior part. In the cut worm this pattern
is reestablished rapidly, regardless of the cutting plane [26].
After the wound is closed, blastema at all anterior-facing
wounds gives origin to heads, while tails are regenerated
from the posterior-facing wounds. The polarization pattern
is altered by highly specific drugs against different ion
channels and transporters, such as SCH-28080 (inhibitor of
H+, K+-ATPase), ivermectin (IVM, activator of the inver-
tebrate GluCl channels), or praziquantel (PZQ, activator
of voltage-operated Ca2+-channels). Remarkably, induced
depolarization itself is sufficient to drive ectopic anterior
(head) regeneration even in posterior-facing blastemas,
whereas membrane polarization of anterior-facing wounds
blocks the head regeneration [25, 26]. The role of specific
voltage-operated Ca2+ channels in regenerative patterning
was addressed in the followup experiments [27].

Thus, planarian flatworms can be successfully used for
ion channel and stem cell studies. Fascinating regeneration
capacity of these animals, together with a wide range of
research techniques established and optimized over the
last 100 years, make planaria a very attractive model for
studying bioelectric signaling during regenerative morpho-
genesis. However, due to inefficient sexual reproduction
under laboratory conditions, classical genetic methods are
not available in planarians, and reverse genetics methods
are limited to RNA interference. Since genetic manipulation
of these animals is difficult, no reproducible transgenesis
methods are available for planaria [40].

4. Experimental Properties of the Flatworm
Macrostomum lignano

During the last decade another flatworm, Macrostomum
lignano, has emerged as a complementary model organism
for regeneration research [41–44]. This marine free-living
basal flatworm is about 1.5 mm long and consists of roughly
25000 cells. M. lignano is easy to culture in laboratory
conditions, and populations of this animal are continu-
ously maintained in the number of laboratories for over a
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Figure 2: Macrostomum lignano as a model organism. (a) Bright
field image of a living specimen. (b) Confocal projection of BrdU
and phospho-histone H3 immunostaining after 30 minutes BrdU
pulse in an adult worm (green: S-phase cells, red: mitotic cells).
Scalebar 100 μm.

decade. The generation time of the flatworm is short, with
about two weeks of postembryonic development to sexually
mature adult. Both juvenile and adult worms have clear
morphology and are highly transparent (Figure 2(a)), greatly
facilitating phenotyping and both fluorescent and non-
fluorescent staining. The regeneration capacity of M. lignano
is provided by roughly 1600 neoblasts (adult stem cells)
located mesodermally. Proliferation activity of these cells can
be easily studied using BrdU labeling, performed by simple
soaking [43, 45] (Figure 2(b)). Importantly, M. lignano is
nonself fertilizing hermaphrodite and has exclusively sexual
reproduction. Well-fed adult animals generate a lot of
embryos all year through (one animal lies on average one
egg a day), making it accessible for genetic manipulation. In
situ hybridization [43] and RNA interference (by soaking)
[45] protocols are established and optimized for M. lignano,
and a number of tissue-specific monoclonal antibodies are
available [41]. Basic culturing and experimental properties
of M. lignano are summarized in Table 1.

Considerable progress has been made in the past three
years towards establishing M. lignano as versatile stem cell
research model for the genomics era. The work on M. lignano
genome assembly and annotation is in progress (Berezikov
and colleagues), and draft genome and transcriptome assem-
blies are publicly available at http://www.macgenome.org/.
Comparing transcriptome data obtained from irradiated
(neoblast-depleted) and control worms provided the insight
into the role of a number of genes in regeneration,
while stage-specific transcriptome data showed the temporal
expression of Macrostomum genes through development
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Table 1: Biological and experimental properties of M. lignano.

Size 1 mm

Total cell number ±25.000

Neoblasts ±1600

Transparency Highly transparent

Culturing media f/2 (sea water based)

Feeding Diatom algae (Nitzschia curvilineata)

Embryogenesis 5 days

Generation time 18 days

Nervous, muscle system, and gonads Simple

Stem cell system Pluripotent

BrdU/H3 staining Yes (easy by soaking)

RNA interference Yes (easy by soaking)

Accessibility to eggs Single eggs (one egg/day per animal)

Transgenics Possible, by injection into eggs

(Simanov et al., in preparation). Most importantly, proof-
of-principle for transgenesis in M. lignano has been demon-
strated and first stable transgenic GFP-expressing lines of
M. lignano have been established (Demircan, De Mulder,
Berezikov et al., in preparation). Thus, biological and
experimental properties of M. lignano, combined with its
rapidly expanding experimental toolbox, make this animal
an attractive and powerful model organism for stem cell
and regeneration research. Its astonishing ability to resist γ-
irradiation and recover after being exposed to it makes the
neoblast system of this animal exceptional even for flatworms
[46]. Moreover, fascinating but yet poorly understood link
between regeneration and rejuvenation provides an exciting
opportunity of using M. lignano as a model for ageing
research [47].

5. Ion Channels and Regeneration in M. lignano

Unlike planarian flatworm species, M. lignano is unable to
regenerate the head under normal circumstances. Posterior-
facing blastemas give origin to fully functioning tails with
all its organs and structures, whereas anterior-facing wounds
develop blastema layer but the actual regeneration can only
happen if the worm was amputated in front of the brain
(at the very tip of the head). Thus, anterior fragments
of the worm, having a functional head, can regenerate
the whole body in 2-3 weeks, while posterior fragments
normally die 5–10 days after losing the head [42]. These
differences in the head regeneration capacity between M.
lignano and planarians, and the ability to induce ectopic
head regeneration in D. japonica by the manipulation of
membrane voltage gradients, prompted us to investigate how
these findings in planarians translate into M. lignano.

DiBAC4(3) voltage-reporting dye stainings (as described
in [48]) showed that membrane voltage pattern in M.
lignano is similar to the one observed in D. japonica [26]—
the anterior part is highly depolarized, while the tail is
relatively polarized. In the cut worms this pattern is quickly
reestablished in the anterior head-containing fragments,
while the posterior headless fragments do not show any

clear anterior-posterior polarization gradient and do not
regenerate (Figure 3(a)). Just like in planarians, membrane
polarization patterns in M. lignano can be altered using drugs
against ion channels. IVM induces depolarization of the
membranes of intact and cut worms, both in anterior and
posterior regions (Figure 3(b)). Posterior-facing blastemas
still regenerate the tails after treatment, though the full
regeneration takes longer than normally. Anterior-facing
wounds treated with IVM develop blastema, and some
tissue growth is often observed within a week after wound
closure. IVM-treated headless fragments always move more
actively and survive longer comparing to control fragments.
Strikingly, 1.5% of posterior fragments after IVM treatment
are able to regenerate head-specific structures and, in a few
cases, a fully functional head (Figures 3(c) and 3(c′)). PZQ
causes the same depolarization effect but does not have any
effect on regeneration patterning at tested concentrations
(data not shown). Intact animals exposed to high doses
of IVM or PZQ display phenotypes that in planarian
flatworms are stereotypically associated with stem cell loss
or disorder [49–52]. M. lignano animals treated with 2 μM
IVM gradually lose anterior identity, with no head-specific
structures left 7–9 days after treatment (Figure 3(d)). After
exposure to higher doses of IVM (3-4 μM), worms develop
characteristic square head due to partial tissue loss in the
most anterior part of the body, get paralyzed and die 3-4 days
after treatment (Figure 3(d′)). High concentration of PZQ in
culturing media causes formation of bulges, mainly in the
posterior part of the body (Figure 3(d′′)). This phenotype
is completely different from the one observed after IVM
treatment, suggesting specific action of the drugs.

These pilot experimental results show that M. lignano can
be successfully used as a model for ion channel and stem
cell studies. The complete transcriptome and established
in situ hybridization and RNA interference methods, in
combination with chemical treatment make it possible to
address the function of specific ion channels in development,
tissue turnover, and regeneration. For example, comparison
of transcriptome data from irradiated (stem cell-deficient)
and nonirradiated animals (Simanov et al., in preparation)
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Figure 3: Bioelectric signaling and stem cells in M. lignano. (a-b) DiBAC4(3) staining of intact worm (top), anterior (left bottom) and

posterior (right bottom) fragments. (a) control worm, (b) worm treated with 1 μM IVM. Blue is more polarized than black, black is
more polarized than red. (c-c′) Regeneration of head-specific structures after 1 μM IVM treatment. Arrowheads in (c) indicate regenerated
pharynx, in (c′) regenerated eye and half of the brain. (d-d′′) intact worms exposed to high doses of IVM (2 μM in d and 4 μM in d′) and
PZQ (150 μM in d′′). (d) head regression; (d′) square head; (d′′) bulges and outgrowth. (e) In situ hybridization results in adult (top) and
juvenile (bottom) animals with the probe against RNA815 5834 transcript from ML110815 transcriptome assembly (voltage-gated sodium
channel). In juvenile worm this gene is expressed almost ubiquitously, and in adults expression is only detected in gonads and (likely) in
somatic stem cells. Strong signal in the adhesive glands in the tail is likely a common artifact.
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Table 2: Major categories of ion channel genes conserved between H. sapiens and M. lignano.

GO term Description H M Human genes

GO:0004889
Acetylcholine-activated
cation-selective channel activity

13 132

CHRNA4, CHRNE, CHRNA10,
CHRNB1, CHRNB3, CHRNA6,
CHRNA3, CHRND, CHRNB2,
CHRNB4, CHRNA9, CHRNA2,
CHRNA7

GO:0004931
Extracellular ATP-gated cation
channel activity

5 15
P2RX6, P2RX7, P2RX5, P2RX4,
P2RX2

GO:0004970
Ionotropic glutamate receptor
activity

12 67
GRIN1, GRIA4, GRIN2A, GRIK2,
GRIK1, GRIA1, GRIK4, GRIA2,
GRIK3, GRID1, GRIN3A, GRIK5

GO:0005216 Ion channel activity 6 23
PKD1L2, MCOLN3, MCOLN2,
PKD2L2, PKD2L1, PKDREJ

GO:0005221
Intracellular cyclic nucleotide
activated cation channel activity

2 5 KCNA10, CNGA3

GO:0005222
Intracellular cAMP activated cation
channel activity

1 2 HCN4

GO:0005223
Intracellular cGMP activated cation
channel activity

1 1 CNGB3

GO:0005229
Intracellular calcium activated
chloride channel activity

2 3 ANO1, ANO2

GO:0005232
Serotonin-activated cation-selective
channel activity

2 3 HTR3B, HTR3A

GO:0005237
Inhibitory extracellular
ligand-gated ion channel activity

2 3 GABRA6, GABRB2

GO:0005242
Inward rectifier potassium channel
activity

6 26
KCNH6, KCNJ12, KCNK6, KCNJ8,
KCNQ5, KCNH7

GO:0005245
Voltage-gated calcium channel
activity

8 27
CACNA1C, CATSPER1, CACNG7,
CACNG5, CACNB1, CACNA1B,
CACNB2, CACNA1E

GO:0005247
Voltage-gated chloride channel
activity

6 14
CLCN7, CLCN4, CLIC1, CLIC4,
CLIC6, CLCN3

GO:0005248
Voltage-gated sodium channel
activity

8 19
SCN3A, SCN2A, SCN4A, PKD2,
SCN8A, SCN5A, SCN9A, SCN11A

GO:0005249
Voltage-gated potassium channel
activity

23 75

KCTD12, KCTD21, KCNH3, KCTD10,
KCTD3, KCTD6, KCNAB3, KCTD2,
KCTD15, KCTD7, KCNH4, KCNB1,
KCTD9, KCNH8, KCNC3, KCNC2,
KCTD16, KCND1, KCNC1, KCNV2,
KCNH5, KCTD1, KCTD20

GO:0005250
A-type (transient outward)
potassium channel activity

3 11 KCNIP2, KCND3, KCND2

GO:0005251
Delayed rectifier potassium channel
activity

8 26
KCNA3, KCNB2, KCNH2, KCNA1,
KCNA5, KCNQ1, KCNA2, KCNH1

GO:0005254 Chloride channel activity 17 55

CLCA1, ANO3, GABRB3, GABRA2,
GABRB1, ANO7, ANO9, ANO4,
GABRG2, CLCA4, CLCC1, ANO6,
GABRQ, GABRG1, ANO10, GABRA4,
GABRG3

GO:0005261 Cation channel activity 7 33
TRPM3, TRPV4, TRPM6, TRPC7,
TMEM38A, TRPV1, HCN2

GO:0005262 Calcium channel activity 7 51
TRPM1, TRPM7, TRPM8, TRPV5,
TRPM5, TRPM4, TRPV6
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Table 2: Continued.

GO term Description H M Human genes

GO:0005267 Potassium channel activity 13 27

KCNC4, KCNK16, KCNK10, KCNG1,
KCNK2, KCNK5, KCNK3, KCNK12,
KCNQ4, KCNK17, KCNIP1, KCNIP4,
KCNK9

GO:0005272 Sodium channel activity 4 40 HCN1, NALCN, ACCN4, TRPM2

GO:0008308
Voltage-gated anion channel
activity

2 3 VDAC1, VDAC2

GO:0008331
High voltage-gated calcium channel
activity

7 38
CACNA1A, CACNA2D4, CACNA1D,
CACNA2D1, CACNA1S, CACNA2D3,
CACNA2D2

GO:0008332
Low voltage-gated calcium channel
activity

3 18 CACNA1H, CACNA1I, CACNA1G

GO:0015269
Calcium-activated potassium
channel activity

9 49
KCNMA1, KCNN1, KCNT2, KCNN2,
KCNT1, KCNU1, KCNMB2, KCNK18,
KCNN3

GO:0015276 Ligand-gated ion channel activity 2 4 CLCA2, CNGB1

GO:0015279
Store-operated calcium channel
activity

5 40
TRPC4, TRPC6, ORAI1, TRPA1,
TRPC3

GO:0015280
Ligand-gated sodium channel
activity

8 97
SCNN1B, SCNN1G, ACCN1, ACCN3,
SCNN1A, ACCN5, ACCN2, SCNN1D

GO:0022824
Transmitter-gated ion channel
activity

4 34 GLRA2, GLRA4, GLRA1, GLRA3

GO:0030171
Voltage-gated proton channel
activity

1 3 HVCN1

GO:0072345
NAADP-sensitive calcium-release
channel activity

2 3 TPCN1, TPCN2

Total 199 947

Total number of genes in these GO
categories

390

H : number of different ion channel genes in human with homologs in M. lignano. M: number of transcripts in M. lignano de novo transcriptome assembly
ML110815 with homology to ion channel genes in human. Note that alternatively spliced transcripts are counted separately in the M. lignano transcriptome
assembly, hence the total reported number of transcripts is higher than the number of corresponding human genes. For this classification, genes were assigned
to the least frequent available GO term within predefined list of ion channel-related GO terms (molecular function domain).

highlights a number of ion channel genes expressed specif-
ically in dividing cells (Figure 3(e)), and future elaborated
studies of such genes may provide novel insights into the
role of bioelectric signaling in stem cell maintenance and
differentiation. Importantly, a significant number of ion
channels are well-conserved between M. lignano and human
(Table 2), increasing the relevance of findings in flatworms
to understanding ion channels and stem cells in human
situation.

6. Future Directions

We advocate that Macrostomum lignano has great potential as
a model for ion channel and stem cell research. The genetic
toolbox available for this organism is already useful enough
to address a wide range of scientific problems, and more
methods and approaches will be optimized and used in this
flatworm in the near future. M. lignano is a small animal
and it is cultured in water, which makes it easy to apply
different chemicals to the worms. Another major advantage
of the animal is its high transparency. Phenotypic changes,

fluorescent signals or certain transgene expression can be
observed in any part of the body, as well is on the whole
organism scale. For example, various fluorescent reporter
dyes can be just added to culturing media in order to enable
real-time in vivo monitoring of membrane potentials, pH,
and ion flows [53]. Short generation time and efficient
reproduction of M. lignano make logistics of large-scale
experiments, such as drug screens, feasible in this animal.

As a model, M. lignano offers an exciting opportunity
to bridge the gap between bioelectric signaling and genetic
pathways involved in stem cell functions. The expression
pattern and function of any gene can be determined by in
situ hybridization and RNAi protocols, but it is transgenics
that can bring such studies to the whole new level. Transgenic
reporter lines expressing pH-sensitive or Ca2+-sensitive
fluorescent proteins [54, 55] would make a perfect tool
to visualize bioelectric phenotypes during drug- or RNAi-
screens. Overexpression of ion channels or even certain
subunits would help to better understand their functions
and interactions. Targeted genome editing by Zinc Finger
Nucleases have not been tested yet in this animal but should
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Ion channels and pumps
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Figure 4: Approaches to study the roles of ion channels in regulation of stem cells in M. lignano. (a) Expression, localization, and function
of ion channels and pumps that give rise to bioelectric signals can be addressed in M. lignano by established methods such as RNAi or
in situ hybridization (ISH) in combination with specific drugs, antibodies, and transgenics. (b) Changes in ion flows, pH and membrane
voltage caused by these channels and pumps can be detected with sensitive fluorescent dyes or followed in vivo in mutants expressing
pH- or ion-sensitive forms of fluorescent proteins. (c) These processes affect known (and possibly unknown) genetic signaling pathways
via different mechanisms including changes of Ca2+ concentrations, voltage-sensing domains of proteins, and voltage-gated transport of
signaling molecules. These pathways and functional links between genetic and epigenetic mechanisms of stem cell function regulation can
be studied in transgenic mutant lines with the help of RNAi and ISH techniques.

be also feasible and potentially can be used to generate ion
channel knockout and knock-in lines [56, 57]. The same
method allows fluorescent tagging of genes of interest and
analysis of their expression, localization, and functions at
the endogenous level [58]. Sexual reproduction and lack
of self-fertilization make possible crossing different lines
of M. lignano and hence to use the power of classical
genetics approaches in this animal. Taken all together, we are
convinced that M. lignano is poised to become a productive
model to study relations between ion channels and stem cell
regulation (Figure 4).
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Hematopoietic stem cells (HSCs) reside in bone marrow niches and give rise to hematopoietic precursor cells (HPCs). These
have more restricted lineage potential and eventually differentiate into specific blood cell types. Bone marrow also contains
mesenchymal stromal cells (MSCs), which present multilineage differentiation potential toward mesodermal cell types. In bone
marrow niches, stem cell interaction with the extracellular matrix is mediated by integrin receptors. Ion channels regulate cell
proliferation and differentiation by controlling intracellular Ca2+, cell volume, release of growth factors, and so forth. Although
little evidence is available about the ion channel roles in true HSCs, increasing information is available about HPCs and MSCs,
which present a complex pattern of K+ channel expression. K+ channels cooperate with Ca2+ and Cl− channels in regulating
calcium entry and cell volume during mitosis. Other K+ channels modulate the integrin-dependent interaction between leukemic
progenitor cells and the niche stroma. These channels can also regulate leukemia cell interaction with MSCs, which also involves
integrin receptors and affects the MSC-mediated protection from chemotherapy. Ligand-gated channels are also implicated
in these processes. Nicotinic acetylcholine receptors regulate cell proliferation and migration in HSCs and MSCs and may be
implicated in the harmful effects of smoking.

1. Introduction

In early embryos, totipotent blastomeres are defined as cells
able to produce every cell type of the adult organism. During
development, a progressive restriction in differentiation
potency occurs, with primordial pluripotent cells being able
to yield other stem cells (self-renewal) and originate all
cell lineages except the extraembryonic ones [1]. Further
restriction is observed in adult tissues, in which cell lineages
comprise slowly dividing stem cells. These, besides self-
renewing, divide to generate transit amplifying cells which
undergo many mitotic cycles before differentiating into the
tissue cell types. For example, neural stem cells, located in
restricted regions of the brain, can differentiate into neurons,
astrocytes, and oligodendrocytes. Whether the spectrum
of possible differentiation outcomes depends on extrinsic
regulation or is founded on the existence of heterogeneous
stem cell populations is uncertain [2]. A similar pattern is
thought to exist in cancer tissue, in which a few stem cells
maintain the neoplastic cell population, whereas the majority

of cells composing the tumor rapidly divide and display only
limited self-renewal properties [3].

The contribution of ion channels and transporters to
the regulation of cell proliferation and differentiation is
increasingly recognized. The field has greatly expanded in
the last ten years and cannot be fully discussed here. The
reader is referred to several recent reviews that cover the main
aspects and provide introduction to specialized literature
[4–11]. Although the precise mechanisms are still debated,
evidence exists about the involvement of both voltage-gated
and ligand-gated channels. As a first approximation, the
well-known correlation between depolarization and prolif-
eration seems to hold in embryonic stem cells. For exam-
ple, inhibition of KCNQ1 potassium channels by altered
expression of the accessory β subunit XKCNE1 depolarizes
neural crest cells in Xenopus. This effect is accompanied by
hyperproliferation [12]. Conversely, paracrine stimulation of
GABAA receptors, which tends to hyperpolarize embryonic
stem cells and peripheral neural crest stem cells in mice, is
accompanied by inhibition of cell proliferation [13].
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A cell’s decision to divide or differentiate is regulated by
both intracellular molecular cascades and local environmen-
tal cues. Ion channels appear often to behave as signaling piv-
ots that coordinate these upstream and downstream signals.
By governing membrane potential (Vm) and transmembrane
calcium flux, ion channels regulate the calcium signals that
punctuate the mitotic cycle as well as processes such as
neurite extension and exocytosis of autocrine or angiogenetic
factors [8]. Moreover, transmembrane ion fluxes drive the
cell volume oscillations typical of cycling and migrating cells
[14, 15]. However, these examples certainly do not exhaust
the range of ion channel functions in cell proliferation
and differentiation and other regulatory roles may or may
not depend on ion transport. For instance, the channel
proteins can form macromolecular complexes with growth
factor receptors, cell adhesion receptors and related proteins
[16–19]. These mechanisms have been especially studied in
mature and immature blood cells [16, 19, 20], and their
alteration can promote neoplastic invasiveness. Because of
such complexity, a simple comprehensive picture of the
physiology of ion channels in cell cycle and differentiation
is not available and probably cannot be reached. In the
following, we discuss some of these issues as related to
the hematopoietic system. Since relatively few studies have
addressed ion channel physiology in adult and embryonic
stem cells, we believe an ample and potentially fruitful field
is offered to future research.

2. Hematopoietic and Mesenchymal
Stem Cells: The Fundamentals

Hematopoiesis allows the lifelong turnover of blood cells.
In adult mammals, small populations of hematopoietic
stem cells (HSCs) reside in the bone marrow (BM). HSCs
originate hematopoietic precursor cells (HPCs) with more
restricted lineage potential, which eventually differentiate
into specific blood cells. Permanence of a functional HSC
population throughout life is guaranteed by stem cell self-
renewal as well as HSC dwelling in protected BM niches, in
which 90–95% of HSCs are maintained in a quiescent state
[21, 22]. The exact proportions of different cell populations
and the rate of cell cycle entry vary in rodents and humans
[23]. Adult quiescent HSCs arise from actively proliferating
fetal HSC [24]. These are first located in placenta and aorta-
gonad-mesonephros, which are subsequently substituted by
the fetal liver. Fetal HSCs initially rapidly produce red
blood cells and in a second phase generate all blood
cell lineages plus engrafting HSCs [21, 25]. These latter
actively proliferate during development by mainly generating
erythroid and myeloid lineages, to produce the blood system.
In rodents, HSCs colonize BM between embryonic day 17
and postnatal day 14. Subsequently, they remain anchored to
the BM niche by integrin-dependent mechanisms [26, 27].

The BM stroma is constituted by stromal cells (fibrob-
lasts, endothelial cells, macrophages, and osteoblasts) and
extracellular matrix proteins. Stroma contributes to regu-
late hematopoiesis through signals triggered by adhesion-
dependent and soluble factors. In the adult, HSCs and

HPCs mostly reside in BM, whereas they actively migrate
between the hematopoietic tissues during fetal development.
Integrins exert a central regulatory role, as they mediate
most of the functional interactions between hematopoietic
cells and the bone marrow microenvironment [26–28]. The
regulated expression of specific integrin subunits and their
localization in selected areas of the BM confirm that these
molecules exert a variety of functions in hematopoiesis [26].
The expression of cell-matrix and cell-cell adhesion receptors
in HSCs and HPCs has been extensively reviewed elsewhere
[20].

Mesenchymal stromal cells (MSCs), formerly known
as mesenchymal stem cells, are adult stem cells originally
isolated from BM. Subsequent studies have shown that
MSCs are stromal progenitors also found in other adult
tissues. They are endowed with multilineage differentiation
potential toward mesodermal cell lineages and extensive
immunomodulatory properties. MSCs actively proliferate in
some tissues, but remain quiescent in others [29]. Three
main criteria have been identified by the International
Society of Cellular Therapy to define MSCs: (i) adhesion to
plastic, (ii) expression of specific immunophenotypic marker
combinations (CD73, CD90, and CD105), accompanied
by lack of expression of hematopoietic markers (CD14,
CD34, and CD45) and class II major histocompatibility
complex (MHC) molecules; (iii) capability of differentiat-
ing into mesodermal lineages (adipocytes, cardiomyocytes,
osteoblasts, and chondrocytes) [30, 31]. All cultured MSCs
tend to present these features, although some differences
are observed among the MSCs from a given tissue such as
expression of surface CD34 and CD54 in MSCs derived from
adipose tissue. In addition, MSCs may show in vitro, under
specific experimental conditions, some features of differen-
tiation into tissues of endodermal and neuroectodermal lin-
eages, such as hepatocytes, epithelia, and neurons, although
their genuine differentiation into nonmesodermal cells is still
matter of debate [31]. Because of their properties, MSCs have
drawn considerable interest as potentially useful material for
tissue engineering and cell-based therapy. Human BM is now
the major MSC source for both experimental and clinical
studies [32–36].

3. Ion Channels in HSCs and HPCs

3.1. K+ Channels and Other Channels Related to the Voltage-
Gated Superfamily. To the best of our knowledge, no studies
have been published about the K+ channel expression in bona
fide HSCs. However, inward rectifying K+ currents (KIR)
have been measured in primitive HPCs (CD34+ CD38−),
after stimulation with interleukin-3 (IL-3) plus stem cell
factor (SCF [37]). The term inward rectifier applies to
those ion channels that tend to be more permeable to
ions flowing toward the cytoplasm. However, it should be
remembered that not all channels known to belong to
the KIR structural family (Kir subunits) display prominent
inward rectification. Interestingly, measurements in HPCs
showed expression of both strongly rectifying (Kir4.3) and
weakly rectifying (Kir1.1) K+ channels. Evidence that this
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is necessary to generate committed progenitors in vitro
was obtained in umbilical cord blood CD34+ CD38−
cells, in which inhibiting either channel type suppresses
the generation of progenitor cells stimulated by IL-3- and
SCF [38]. These observation are consistent with the notion
that different K+ channel types give distinct contributions
to proliferation and differentiation. In general, the strong
inward rectifiers and the background channels K2P (two-
pore domain K+ channels) seem to be mainly responsible
to regulate the resting Vm. In immature B cells, Nam et al.
[39] recently identified two kinds of K2P channels, namely,
TREK-2 (TWIK-related K+ channel type 2) and TASK-2
(TWIK-related acid-sensitive K+ channel type 2). TASK-2 is
activated by stimulation of B cells receptors (BCRs ligation)
and participates in the BCR-ligation-dependent apoptosis
[39]. Other types of K+ channel are thought to cooperate
with the other membrane transport systems to regulate cell
volume, secretion of paracrine factors, calcium influx, and
so forth. These processes may be accompanied by oscillations
in Vm, cell volume, and intracellular calcium [8]. The whole
picture can thus be very complex, as is now made clear
by extensive expression studies. In CD34+/CD45+/CD133high

cells from peripheral blood [40], RT-PCR showed expression
of KV1.3, KV7.1, NaV1.7, TASK 2, TALK 2 (TWIK-related
alkaline pH-activated K+ channel type 2), TWIK 2 (tandem
of pore domains in a weak inward rectifying K+ channel,
type 2), TRPC4, 6, TRPM2,7, and TRPV2 and patch-clamp
recordings identified voltage gated K+ currents, TASK 2-like
K+ currents, TRPM2 currents, and TRPC6-like currents [40].

Some voltage-dependent K+ channels, particularly
KV11.1 (also known as hERG1), are directly implicated
in regulating the integrin-dependent cell adhesion, which
is potentially important for cell physiology inside the BM
marrow niches [20, 41]. In leukemic osteoclastic progenitors,
hERG1 activates during cell adhesion to fibronectin. Channel
activation mediates a complex regulatory network that
control cell adhesion, as it increases expression of αVβ3
integrin (CD51 [42]). Moreover, hERG1 is upregulated
in leukemic hematopoietic cells [43, 44]. In particular,
the Kv11.1 transcript was detected in circulating CD34+
cells stimulated to proliferate by IL-3 (interleukin 3), SCF
(stem cell factor), GM-CSF (granulocyte-macrophage
colony-stimulating factor), and G-CSF (granulocyte colony-
stimulating factor [43]. In stimulated CD34+ cells, KV11.1
associates with β1 integrin, which is essential for proper
bone marrow engraftment of these HPCs [19]. The Kv11.1
transcript was also detected in CD34+/CD38−/CD123high

cells, which constitute the stem cell population critical for
perpetuating leukemia [45]. The involvement of KV11.1 in
the physiology of leukemic and stem cells is further discussed
in Section 4.4.

Overall, relatively ample evidence indicates that KV

channels are important modulators of normal and leukemic
HSCs. It is, however, clear that the physiological comprehen-
sion of these processes is still in its infancy.

3.2. Neuronal Nicotinic Receptors (nAChRs) and Hemato-
poiesis. The neuronal nicotinic acetylcholine receptors

(nAChRs) are ligand-gated pentameric ion channels that
mediate fast excitatory postsynaptic potentials as well as
slower paracrine actions of ACh. Growing evidence shows
that nAChRs are also widely expressed in nonnervous
tissue, including lymphocytes, and in cancer cells [46].
Since nicotine is a well-known risk factor for cancer, these
observations have stimulated work aimed to determine
whether and how nAChRs contribute to regulate the main
cellular events associated with neoplastic progression, that
is, cell proliferation and survival, invasiveness, the epithelial-
mesenchymal transition and angiogenesis [47]. The nAChRs
are homo- or hetero-pentamers of α (α2–α9) and β (β2–β4)
subunits, arranged with different possible stoichiometries,
characterized by different physiological and pharmacolog-
ical properties [46, 47]. Interestingly, recent genomewide
association studies attribute to the gene cluster coding for
the α3/α5/β4 nAChR subunits a role in both development
of lung cancer and nicotine addiction [48–50]. Many
cellular effects of nicotine-and tobacco-derived metabolites
are probably caused by nAChR activation, which leads to
increased cytosolic calcium. This can stimulate intracellular
pathways both directly as well as by increasing the release of
autocrine/paracrine factors [51–53]. Nonconductive signals
exerted by nAChRs have also been observed [54]. In general,
the precise function of nAChRs in normal and neoplastic
cells is difficult to determine because many cells express a
variety of nicotinic subunits, whose interplay is unclear [47].

In humans, smoking is associated with increased leuko-
cyte count [55–57]. Recent work in mice indicates that
treatment with nicotine increases leukocytes in peripheral
blood, BM, and spleen [58], in keeping with previous results
showing that nicotine stimulates hematopoiesis [59]. The
effect is correlated with higher frequency of HSCs in bone
marrow [58]. Long-term HSCs isolated from treated mice
appear to remain fully competent and express nAChRs, as
demonstrated by binding of α-bungarotoxin (specific for α7-
containing nAChRs and the muscle isoform). The expression
pattern of other nAChR subunits was not reported. Regard-
less, these results are consistent with the previous observation
that mice deficient of α7 display a reduction of myeloid
and erythroid lineages [60]. Although the mechanisms of
nAChR implication in these processes are unclear, these
studies suggest that the cholinergic system is implicated
in regulating hematopoiesis. From a pathologic standpoint,
some of the effects of prolonged tobacco use may thus be
caused by nAChR targeting. However, it should be kept in
mind that α7 receptors desensitize rapidly in the presence
of agonists. Therefore, to understand their physiological
role in hematopoiesis, it will be important to precisely
determine how these effects depend on the concentration of
nicotine and other tobacco-related compounds. Low doses
may sustain steady state nAChR currents, although with
low amplitude, whereas higher doses may produce strong
channel desensitization. In fact, the available evidence, albeit
fragmentary, indicates that high concentrations of nicotine
produce inhibition of hematopoiesis, instead of stimulation
[60]. Hence, it is possible that different smoking habits
produce opposite effects on hematopoiesis.
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4. Ion Channels in Mesenchymal Stem Cells

4.1. MSCs from Bone Marrow (BM-MSCs). Although human
MSCs have been used for several years in the investigation
of cell therapy and differentiation [36, 61, 62], a coherent
picture of the physiological functions of the different ion
channels expressed in these cells is not available. Not sur-
prisingly, most results concern human BM-MSCs. In these
cells, Kawano et al. first observed spontaneous inositol 1,4,5-
trisphosphate-dependent Ca2+ oscillations, which are regu-
lated by the Na+-Ca2+ exchanger and the plasma membrane
Ca2+ pump [63, 64]. For review of the calcium handling
system in MSCs, see [65]. In addition, approximately 10–
15% of BM-MSCs express the L-type calcium current (ICaL)
and related mRNAs such as α1C [34, 35, 66], although ICaL

does not seem to be significantly implicated in controlling
the spontaneous cell activity [66]. Nonetheless, the calcium
oscillations are completely blocked by removing extracellular
calcium and by applying La3+, while the intracellular stores
are not depleted. This suggests that an unknown pathway,
probably mediated by nonselective cation channels, controls
calcium entry in hMSC and contributes to sustain the [Ca2+]i
oscillations [64]. These latter drive the activity of high-
conductance Ca2+-dependent K+ channels (BKCa), which
in turn determines Vm cycling [64, 67]. In human BM-
MSCs, KCa currents and the corresponding MaxiK mRNA
were also observed by others, along with a slowly activating
K+ current distinct from the rapidly activating KCa [34].
Significant mRNA expression was also detected for KV1.4,
KV4.2, KV4.3, and HCN2, but no corresponding functional
currents were reported [34]. These were instead reported by
Li et al. [35] who, besides BKCa and ICaL, measured transient
outward voltage-dependent K+ channels sensitive to 4-
aminopyridine whose molecular correlates were identified
as KV1.4 and KV4.2 and denoted in the literature as IA or
ITO (for a brief summary of IK nomenclature, see [68]).
These authors also observed expression of KV10.1-delayed
rectifying K+ channels (also known as ether-à-go-go type
1, EAG1), accompanied by the corresponding mRNA [35].
Finally, in hBM-MSCs, expression of KATP channels (Kir6.1
and Kir6.2) and the regulatory subunit SUR2A was detected
by RT-PCR and immunolabeling. Osteogenic differentiation
strongly increased Kir6.2, whereas adipogenic differentiation
reduced Kir6.1 and SUR2A [69].

Broadly speaking, the above pattern seems also to apply
to BM-MSCs prepared from rats [70–72] and mice [73,
74], where the effects on proliferation of modulating ion
channels have been studied in some more detail. Rat BM-
MSCs express both high- and intermediate-conductance KCa

(resp., slo or KCa1.1 and KCNN4 or KCa3.1), IKDR (KV1.2
and KV2.1), IA (KV1.4 and KV4.3), ICaL and TTX-sensitive
Na+ currents [70–72]. In these cells, KDR-decreased whereas
intermediate-conductance KCa3.1 increased during progres-
sion from G1 to S phase. Downregulating these channels
with specific interfering RNAs blocked cell proliferation [71].
The partial substitution of KDR with KCa during cell cycle
progression agrees with the model originally proposed in T
lymphocytes, in which sequential activation of KV and KCa

during mitosis triggers and sustains cell hyperpolarization,

with ensuing facilitation of Ca2+ entry and stimulation of
the cell cycle machinery [75]. In murine MSCs, the usual
KCa3.1 channel is accompanied by KIR currents (Kir2.1)
and volume-regulated Cl− channels (CLCN3 [73]). KCa and
Cl− channels cooperate in regulating cell proliferation by
modulating cyclin D1 and cyclin E expression [74]. KCa, ICaL,
and IA (KV1.4) were also observed in undifferentiated MSCs
isolated from chicken embryos [76].

As is often the case, some types of K+ channels are
involved in processes related to cell adhesion and migration.
For instance, Hu et al. [77] found that KV2.1 regulates
directed migration and homing of BM-MSCs. Hypoxic
preconditioning increases KV2.1 expression and enhances
the channel activity that subsequently augments phospho-
rylation/activation of the focal adhesion kinase and cell
migration, resulting in increased homing of transplanted
BM-MSCs to the injured region [77].

Finally, about 30% of human BM-MSC cells were found
to express TTX-sensitive voltage-gated Na+ currents [34].
This observation was also carried out in rodents [70, 73] and
chicken embryo MSCs [76], but its physiological meaning is
uncertain.

4.2. MSCs from Human Umbilical Cord Vein (hUC-MSCs).
The expression of ion channels has been recently studied in
undifferentiated hUC-MSCs [78]. Patch-clamp experiments
revealed iberiotoxin-sensitive IKCa, IA, and IDR currents.
Once again, about 30% of these cells express functional TTX-
sensitive Na+ currents, whereas no more than 5% of the cells
express KIR. The molecular correlates of these currents were
investigated by RT-PCR, which revealed the expression of
KV1.1, KV4.2, KV1.4, Kir2.1, heag1, MaxiK, hNE-Na, and
TWIK-1 [78]. Therefore, the overall pattern is similar to the
one shown by BM-derived cells.

4.3. MSCs Derived from Human-Induced Pluripotent Stem
Cells (iPSCs). iPSCs produce a high yield of MSCs. Moreover
iPSC-derived MSCs present higher proliferation capacity
than BM-derived stem cells, thus providing a better option
for applications in regenerative medicine. Zhang et al. [79]
recently studied whether the different proliferative potential
of iPSC-MSCs may be founded on significant differences
in ion channel expression compared to BM-MSCs. Patch-
clamp measurements revealed five functional ion currents
in human iPSC-MSCs: BKCa, intermediate-conductance KCa,
KDR, KIR, and voltage-gated Cl− channels, whereas the
latter Cl− currents were not detected in BM-MSCs. RT-
PCR revealed significant expression in both cell types of
KCa1.1, KCa3.1, KV10.1, Kir2.1, SCN9A, CACNA1C, and
Clcn3. In contrast, Kir2.2 and Kir2.3 were only found in
iPSC-MSCs. Interestingly, the expression level of KV10.1 was
much higher in iPSC-MSCs than in BM-MSCs. In agreement
with the proliferative potential conferred by KV10.1 (hEAG1)
to different cell types [80], block of hEAG1 tended to inhibit
cell proliferation in both cell types. Consistently with the
expression pattern, the effect was more pronounced in iPSC-
MSCs.
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These observations may contribute to explain the greater
proliferative capacity of iPSC-MSCs, which may be corre-
lated with specific patterns of channel expression. In general,
the diversity of ion channel expression in MSCs might
reflect the existence of different cell populations. Differently
from immortalized cell lines, pure populations of MSCs
have been so far impossible to isolate. As discussed earlier,
identification of human MSCs is mainly based on their
plastic-adherence features in standard culture conditions and
expression or lack of expression of an ensemble of surface
markers. As has been observed in other cell types, some
channel types seem specifically implicated in controlling
cell cycle. Interestingly, evidence summarized in the above
sections also suggests that KIR currents tend to be expressed
in stem cells at earlier stages, that is, in cells with broader
differentiation potential. This may be different from what
has been observed in the nervous system, where for example,
KIR currents mark late stages of quail neural crest cell
differentiation [81].

4.4. KV11.1 (hERG1) Channels in Leukemic Cells Mediate
Cell Interaction with MSCs. BM-MSCs can protect leukemic
cells from chemotherapy by secreting the chemokine SDF-
1 (also known as CXCL11), which binds to the G-protein-
coupled receptor CXCR4 (chemokine receptor CXC 4 [82])
expressed onto leukemia cells [83]. Adhesion between these
cell types is consolidated by engagement of the integrin
receptors expressed onto leukemic cells, typically α5β1
(VLA-5) and α4β1 (VLA-4). These interact with extra-
cellular matrix proteins on the MSCs [84]. MSCs thus
regulate intracellular signaling cascades in leukemic cells that
lead to antiapoptotic effects, as shown in acute myeloid
leukemia [85], chronic lymphocytic leukemia [86–88], and
chronic myeloid leukemia [89]. These intracellular signals
are thought to require integrin-dependent activation of ILK
(integrin-linked kinase), with subsequent recruitment of
the MAPK and the phosphoinositide 3-kinase (PI3K)/Akt
pathways, at least in myeloid leukemia.

We recently studied the molecular mechanisms under-
lying the analogous effect observed in acute lymphoblastic
leukemia (ALL) cells [90]. Coculture of ALL cells with
MSCs induced on the lymphoblast plasma membrane the
expression of a signaling complex formed by hERG1, the
β1 integrin subunit, and CXCR4. Such complex is absent in
normal B lymphocytes. Moreover MSCs also do not express
hERG1. Assembly of the protein complex activated the
prosurvival pathways centered on ILK, extracellular signal-
related kinase 1/2 (ERK1/2) and PI3K/Akt. In parallel, ALL
cells became resistant to chemotherapy-induced apoptosis
[90]. Formation of an hERG1/integrin/VEGF receptor com-
plex was previously observed in acute myeloid leukemia [19].
The possibility that interaction with CXCR4 also occurs in
these cells is matter for future studies.

Blocking hERG1 channels with specific drugs decreased
the protective effect conferred by MSCs to leukemic cells
function. Moreover, integrin activation depends on channel
activity. The channel role appears to be important for
both initiation of pro-survival signals and development of

drug resistance. Immunodeficient mice engrafted with ALL
cells and treated with channel blockers had increased rate
of leukemic cell apoptosis, reduced leukemic infiltration
and overall survival rates. What is more, hERG1 blockade
enhanced the therapeutic effect produced by corticosteroids.

4.5. MSCs and Nicotinic Receptors. Observations such as
the relatively recent one that smoking cessation in chronic
smokers produces a rapid increase of circulating endothelial
progenitor cells in peripheral blood led to suspect that the
tobacco products regulate MSC physiology [91]. In fact, it
was subsequently found that human MSCs express the entire
machinery for cholinergic signaling, namely, the synthesizing
enzyme choline acetyltransferase, the degrading enzyme
acetylcholinesterase, ACh itself, the nAChR subunits α3, α5,
and α7 and the muscarinic ACh receptor M2 [92]. Human
MSCs were also found to express β2 and β4 nAChR subunits
[93]. Nicotinic and muscarinic receptors are expressed
in different MSC populations [92], but stimulation with
receptors’ agonists leads to a rapid increase of intracellular
(Ca2+) in both [92, 93]. As in other cell types [47], this signal
converges onto ERK1/2 [92]. These results are consistent
with the general notion that nonneuronal tissues can express
the entire cholinergic machinery necessary to release ACh
for paracrine signaling. Tonic exposure to nicotinic ligands
in smokers alters proper regulation of such system. Interest-
ingly, α7 nAChRs were found to be implicated in the control
of MSC migration [93], in analogy with what was previously
observed in human keratinocytes [94]. The balance of the
nAChR effects on proliferation/apoptosis and migration is a
matter for future studies.

5. Conclusion

Knowledge about the cell physiology of ion channels and
transporters in stem cells is at an initial stage. Current
evidence indicates that, in analogy with what has been
observed in other cell types, stem cells, particularly the better
known human MSCs, express a wide variety of ion channels
which are implicated in different physiological functions.
Broadly speaking, certain classes of K+ channels cooperate
with Ca2+ and Cl− channels in regulating the calcium
transients and the volume oscillations that accompany the
cell cycle. Other K+ channel types control cell anchorage
with the stromal matrix and cell migration as well as release
of paracrine growth factors. The differential expression of
ion channel types in individual MSC cells indicates that
stem cell populations may be heterogeneous. One possibility
is that, as observed in other cell types, MSCs sampled at
different cell cycle phases present different channel activity or
expression (reviewed in [8]). Another possible explanation is
that MSC populations contain progenitor cells at different
stages of commitment, which would also affect the pattern of
ion channel expression and activity. Recent evidence in both
HSCs and MSCs indicates that ligand-gated channels, such
as nAChRs, also contribute to regulate stem cell biology.

From a therapeutic standpoint, MSCs have been lately
the object of intense interest. The perspectives these cells
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offer for clinical applications turn on their easy accessibility,
prompt expansibility, and capacity to differentiate. A more
thorough understanding of their physiological features,
including the details of how different ion channels and
transporters interplay, will be necessary for safer and reli-
able medical applications. Currently, four main therapeutic
approaches are being investigated: (i) local implantation of
MSC for focalized diseases, (ii) systemic transplantation,
(iii) combination of stem cell therapy with gene therapy,
and (iv) use of MSC in tissue repair and remodeling.
Considering the advantages offered by membrane channels
as targets of pharmacological therapy [95], we believe further
efforts along this line should suggest potentially fertile novel
methods to attempt therapy in both normal and cancer stem
cells.
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During the embryonic development of the central nervous system, neuroepithelial cells act as neural stem cells. They undergo
interkinetic nuclear movements along their apico-basal axis during the cell cycle. The neuroepithelial cell shows robust increases
in the nucleoplasmic [Ca2+] in response to G protein-coupled receptor activation in S-phase, during which the nucleus is located
in the basal region of the neuroepithelial cell. This response is caused by Ca2+ release from intracellular Ca2+ stores, which are
comprised of the endoplasmic reticulum and the nuclear envelope. The Ca2+ release leads to the activation of Ca2+ entry from
the extracellular space, which is called capacitative, or store-operated Ca2+ entry. These movements of Ca2+ are essential for
DNA synthesis during S-phase. Spontaneous Ca2+ oscillations also occur synchronously across the cells. This synchronization is
mediated by voltage fluctuations in the membrane potential of the nuclear envelope due to Ca2+ release and the counter movement
of K+ ions; the voltage fluctuation induces alternating current (AC), which is transmitted via capacitative electrical coupling to the
neighboring cells. The membrane potential across the plasma membrane is stabilized through gap junction coupling by lowering
the input resistance. Thus, stored Ca2+ ions are a key player in the maintenance of the cellular activity of neuroepithelial cells.

1. Introduction

During the embryonic development of the central nervous
system, cells in the neuroepithelium act as neural stem cells.
The neuroepithelium forms the neural tube, from which
the central nervous system including the spinal cord, retina,
and brain is derived. The neuroepithelial cell has a polarized
structure: the apical process faces the ventricle, and the
furthest portion of the basal process makes contact with the
basement membrane. This contact is necessary for the cell
to undergo interkinetic nuclear movement along the apico-
basal axis during the cell cycle [1–4]. Neuroepithelial cells in
S-phase synthesize DNA in their basal region, followed by the
movement of the soma towards the apical region prior to cell
division during M-phase [3, 4].

To study ion channel activities in the neuroepithelial cell,
the retinal neuroepithelium is a suitable model because the
retina can be isolated from an optic cup at early stages of
embryonic development. The neural tube evaginates laterally
to form two optic vesicles, each of which invaginates to form

an optic cup. The neuroepithelium on the inner wall of the
optic cup becomes the retina. Figure 1 shows the retinal
neuroepithelial cells that are undergoing interkinetic nuclear
movements and the first differentiated neuron, a retinal
ganglion cell. Developmental changes in the cellular activity
are summarized as a time diagram in Figure 2. Studies of
the retinal neuroepithelial cells have revealed that various
ion channels are assembled in these cells and are important
for the maintenance of the cellular activity of neuroepithelial
cells. The current paper is intended to survey and discuss
the functional roles of ion channels found in the retinal
neuroepithelial cell, as well as in other neural tube stem cells,
and the cell line.

2. Channel-Mediated Release of Ca2+

from Intracellular Ca2+ Stores

Neuroepithelial cells show a robust response to the acti-
vation of G protein-coupled receptors (GPCRs) including
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Figure 1: Schematic drawings of retinal neuroepithelial cells in cell cycle and the first differentiated neuron, a retinal ganglion cell. In chick
embryo, the retina is composed almost homogeneously of neuroepithelial cells on embryonic day 3 (E3). The retinal ganglion cells are born
mainly at E4–6. S: S-phase; M: M-phase. The outer (apical) surface faces the space that is continuous with the ventricle. This figure is cited
from [5].
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Figure 2: Developmental changes in neural activities. Self-renewing neuroepithelial cells show spontaneous, synchronous calcium
oscillations. Newborn neurons show synchronous burst spike discharges before synapse formation. This figure is cited from [6].

muscarinic acetylcholine receptors [7], P2Y purinoceptors
[8], and lysophosphatidic acid receptors [9], which leads
to increases in intracellular Ca2+ concentrations ([Ca2+]).
Activation of these GPCRs leads to the production of inositol
1,4,5-trisphosphate (InsP3) from phosphatidylinositol 4,5-
bisphosphate (PIP2) via the phospholipase C enzyme. InsP3

activates the InsP3 receptor Ca2+ channel to cause the release
of Ca2+ from intracellular Ca2+ stores (Ca2+ mobilization)
[10]. Another type of Ca2+ releasing channel, namely
ryanodine receptor channel, is unlikely to be functioning
in the retinal neuroepithelial cell because no response was
evoked by caffeine (an activator of ryanodine receptor) [8].

Using confocal fluorescence microscopy and a Ca2+-
sensitive fluorescent indicator, it was shown that Ca2+

mobilization is dependent upon the cell cycle [11]. Increases
in intracellular [Ca2+] occur in the nucleoplasm of S-phase
cells, of which somata are localized to the basal region of the
developing neuroepithelium. In contrast, Ca2+ mobilization
decreases in M-phase cells, which are located in the apical
region. In newborn retinal ganglion cells, which migrate to
the basal region (Figure 1), Ca2+ mobilization is also reduced.
These results suggest that the rise in nucleoplasmic [Ca2+]
is necessary for DNA synthesis during S-phase and that the
Ca2+ mobilization system is less active following neuronal
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differentiation [11]. It is not clear whether other phases in
cell cycle (i.e., G1 or G2) show Ca2+ increases.

The GPCR-mediated Ca2+ response of the neuroep-
ithelial cell also depends upon the developmental stage of
the retina. On embryonic day 3 (E3), nearly all the cells
in the neural retina arise from the self-renewal of the
neuroepithelial cells (Figure 1), and the Ca2+ mobilization
is most robust at this stage. Retinal ganglion cells and other
types of neurons are born between E4 and E8, and then
neurogenesis ceases [12]. Between E3 and E8, the Ca2+

response declines in parallel with the decreasing proliferative
activity of the retinal cells [7–9, 13]. This developmental
profile suggests that Ca2+ mobilization may be critical for
the proliferation of neuroepithelial cells. In support of this
concept, studies using retinal cell cultures have shown that
the release of Ca2+ from intracellular Ca2+ store is essential
for DNA synthesis in these cells [14].

Increases in Ca2+ mobilization also occur spontaneously
as synchronized Ca2+ oscillations in the retinal neuroepithe-
lial cells [15] (Figure 2). GPCRs, such as P2Y purinoceptors,
may be constitutively activated by ambient ATP, which is
released in both an autocrine and paracrine manner [16].
The activation of P2Y purinoceptors has also been shown
to promote the proliferation of retinal neuroepithelial cells
[16–18]. The inhibitory effects of P2 antagonists on the
proliferation of retinal neuroepithelial cells suggest that
endogenous ATP activates P2Y purinoceptors constitutively
[16]. The mechanism underlying the synchronization of
Ca2+ oscillations is discussed later in this text.

Increases in the intracellular [Ca2+] of S-phase cells
may be involved in the activation of Ca2+-dependent
nuclear signaling for proliferation. It has been suggested
in various cell types that calcineurin, a Ca2+/calmodulin-
dependent phosphatase, dephosphorylates the transcription
factor NFAT (nuclear factor of activated T-lymphocytes),
which regulates cell cycle progression [19, 20].

3. Store-Operated Ca2+ Entry

The release of Ca2+ from intracellular Ca2+ stores has been
shown to instantaneously induce an influx of extracellular
Ca2+. This Ca2+ influx is called capacitative or store-operated
Ca2+ entry, and is necessary for the replenishment of the
intracellular Ca2+ stores [21, 22]. This type of Ca2+ influx
also occurs in the retinal neuroepithelial cell [23].

The store-operated Ca2+ entry in the retinal neuroepithe-
lial cell has also been shown to decline as the cell becomes
increasingly differentiated [13, 23]. Store-operated Ca2+

entry has also been shown to be essential for DNA synthesis
in cultured retinal cells [14]. In a culture model of neural
stem cells, neuroblastoma × glioma NG108-15 cell line,
store-operated Ca2+ entry is most frequent in proliferation,
as opposed to neuronal differentiation, medium [24]. It has
been suggested that the store-operated Ca2+ entry is also
involved in the Ca2+-regulated transcription pathways for cell
cycle progression via the activation of calcineurin and NFAT
[19, 20].

The channels responsible for capacitative Ca2+ entry
have been supposed to be transient receptor potential (TRP)
channels [21, 22]. It is now evident that the STIM molecules
function as Ca2+ sensors within the endoplasmic reticulum
and the orai proteins function as the channel for Ca2+ influx
[21, 22]. The specific channels involved in the store-operated
Ca2+ entry in the neuroepithelial cell have not yet been
identified.

4. Ligand-Gated Channels

Retinal neuroepithelial cells also express ligand-gated chan-
nels. Application of the neurotransmitter gamma-aminobu-
tyric acid (GABA) causes a strong depolarization that leads to
the activation of L-type Ca2+ channels, allowing Ca2+ influx
[25]. The GABA-induced depolarization is due to the efflux
of Cl− ions through GABAA receptor channels, since the
intracellular [Cl−] in the retinal neuroepithelial cell is higher
than that in a mature neuron and the equilibrium potential
of Cl− is more positive than the resting membrane potential
[25].

The GABA-induced depolarization and Ca2+ influx
through voltage-dependent Ca2+ channels have been shown
to inhibit the DNA synthesis in cortical progenitor cells [26]
and the cell cycle progression in neuronal precursors from
striatum [27]. On the contrary, by causing influx of Cl− ions
and hyperpolarization, GABA has been shown to negatively
control the proliferation in embryonic stem (ES) cells and
neural crest stem (NCS) cells [28].

In addition to GABA, ATP depolarizes retinal neuroep-
ithelial cells by activating P2X purinoceptor channels as
revealed by intracellular recording from these cells (unpub-
lished observation).

5. Gap Junctions as Stabilizers of
Membrane Potential

Neuroepithelial cells adhere to each other through gap junc-
tions, which are located at the apical process of the cell [29].
This gap junction coupling between retinal neuroepithelial
cells was demonstrated by the intracellular injection of a
fluorescent dye and the subsequent dye diffusion (dye cou-
pling) [5]. Following application of the gap junction channel
blocker carbenoxolone during intracellular recording from
retinal neuroepithelial cells, it was demonstrated that the
input resistance was dramatically increased. In addition, the
membrane potential was depolarized and rendered unstable
showing fluctuations during the recording in the presence of
the blocker [5]. These results suggest that the gap junction
coupling stabilizes the resting membrane potential of the
neuroepithelial cell by lowering the input resistance. This
characteristic of gap junction coupling in the neuroepithelial
cell may underlie the maintenance of the driving force
for Ca2+ influx during store-operated Ca2+ entry and the
prevention of the excess, continuous influx of Ca2+ through
L-type Ca2+ channels.
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6. Na+, Ca2+, and K+ Channels in
the Plasma Membrane

The neuroepithelial cell shows epithelial features including
not only the polarized structure but also physiological prop-
erties. Studies of the chick retinal neuroepithelium and the
amphibian neural tube have shown that neuroepithelial cells
are nonexcitable [5, 30]. Instead of voltage-dependent Na+

channels, amiloride-sensitive epithelial-type Na+ channels
are present in cells of the neural tube [31]. These channels
allow a continuous influx of Na+ from the ventricular space,
and Na+-K+ pumps extrude Na+ ions from the cell to gen-
erate the transneural tube potential (a lumen-negative DC
potential) in the amphibian embryo [31]. An extracellular
DC potential was also observed within the retinal neuroep-
ithelium (unpublished observation). The polarized transport
of Na+ from the ventricular space may contribute to the
establishment of the DC potential. The retinal neuroepithe-
lium is an electrically tight epithelium since the extracellular
resistance is extremely high (≥300 MΩ) in the middle region
of the retinal neuroepithelium (unpublished observation).

Voltage-gated Ca2+ channels are also present in the reti-
nal neuroepithelial cell. Ca2+-sensitive fluorescence measure-
ments revealed the presence of L-type channels [25]. The L-
type Ca2+ channel allows a continuous Ca2+ influx when the
cell is depolarized with a high concentration of extracellular
K+ [25]. Since retinal neuroepithelial cells are interconnected
through gap junctions, lowering the input resistance [5], it
seems likely that these channels are activated only when a
mass of cells are depolarized. A single neuroepithelial cell
does not generate any spike-like potential, even following
the injections of a strong depolarizing current [5]. Thus, the
role of the L-type Ca2+ channel in these cells remains to be
clarified. It can be supposed that if L-type Ca2+ channels
are activated by GABA-induced depolarization after losing
gap junction, the Ca2+ influx through these channels may
inhibit cell cycle progression, as revealed in neural progenitor
cells [26, 27]. It has also been shown that the influx of Ca2+

through L-type Ca2+ channels prevents apoptosis in culture
models of neuronal death [32].

BK (big potassium, Ca2+- and voltage-dependent potas-
sium) channels in the plasma membrane are activated
by increases in intracellular [Ca2+], which may be caused
by Ca2+ influx through voltage-dependent Ca2+ channels
during depolarization. Cells expressing BK channels in the
plasma membrane show a voltage sag in response to a depo-
larizing current injection. This is the case in newborn retinal
ganglion cells, which do not yet generate a tetrodotoxin-
sensitive Na+-dependent action potential [5]. The newborn
ganglion cell loses its gap junction coupling, thus the input
resistance is increased and the voltage response in the cell
is rendered visible [5]. The voltage sag in response to a
depolarizing current injection is also observed in retinal
neuroepithelial cells in which the gap junction channels are
blocked by carbenoxolone [5]. These data suggest that BK
channels are also present in the plasma membrane of retinal
neuroepithelial cells. It seems likely that the BK channels in
the plasma membrane repolarize the membrane potential
when intracellular [Ca2+] is increased.

7. BK Channels in the Nuclear Envelope and
Endoplasmic Reticulum

Intracellular Ca2+ stores are comprised of the endoplasmic
reticulum and the nuclear envelope [33, 34]. The lumen
of the endoplasmic reticulum is continuous with the space
between the outer and inner nuclear membranes [35]. Ca2+

ions are actively transported into this lumen by Ca2+ pumps.
The release of Ca2+ from intracellular stores via InsP3

receptor channels leads to a charge movement across the
store membrane from the lumen to the cytoplasm or to the
nucleoplasm, which are electrically interconnected through
low-resistance nuclear pores [36]. This charge movement
should lead to a negative shift in the luminal potential
[37]. Simultaneous measurements of the nuclear membrane
potential and intracellular [Ca2+] revealed that the potential
of the nuclear membrane changes in a biphasic manner
together with the activation of GPCRs, leading to a transient
hyperpolarization and a sustained depolarization associated
with the release of Ca2+ and the electrogenic pumping of
Ca2+ ions, respectively [38].

To maintain the driving force for Ca2+ release from intra-
cellular stores, the counter movement of ions, such as K+,
across the store membrane is absolutely necessary; without
counter ion movement, the luminal potential hyperpolarizes
to the equilibrium potential of Ca2+ and the driving force for
Ca2+ release is lost [37]. In the sarcoplasmic reticulum, TRIC
(trimeric intracellular cation) channels mediate the counter
ion movement [39].

Patch clamp recordings from the nuclear envelope mem-
brane have shown that this membrane contains BK channels
and that these BK channels are activated by positive changes
in the luminal potential (depolarization) and by an increase
in the luminal [Ca2+] [15, 40]. Such voltage and Ca2+

dependence may suggest that hyperpolarization caused by
the release of Ca2+ and a decrease in the luminal [Ca2+],
together lead to the closure of the BK channel and cessation
of Ca2+ release from the lumen. This has been proposed
to be a hypothetical underlying mechanism to explain the
“quantal” manner of Ca2+ release, in which Ca2+ release
terminates after a rapid release of a fraction of stored Ca2+

[41].

8. Nuclear Envelope Potential and
the Synchronization of Cellular Activity

Spontaneous Ca2+ oscillations occur synchronously across
the cells in the retinal neuroepithelium, while agonist-
induced [Ca2+] rises occur asynchronously [15]. The mech-
anism underlying the synchronization of Ca2+ oscillations
has been a matter of debate [42]. The diffusion of InsP3

or Ca2+ itself through gap junction channels is unlikely
to synchronize a [Ca2+] rise, because an agonist-induced
Ca2+ release is not synchronized even with the application
of a supramaximal concentration of the agonist [15, 42].
Instead, a capacitative, or AC (alternating current), electrical
coupling model has been proposed [6]. In this model, the
efflux of Ca2+ from intracellular stores and the counter
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Table 1: Neuroepithelial-cell-ion channels and their functions.

Type of ion channel Function of ion channel

Ion channels in the plasma membrane

Gap junction channel Stabilizing membrane potential by lowering input resistance

Store-operated Ca2+ entry channel (TRP or Orai) Replenishing Ca2+ stores after Ca2+ release

Epithelial Na+ channel Continuous Na+ influx from ventricular space to generate DC potential

L-type voltage-dependent Ca2+ channel Ca2+ influx by depolarization

BK channel Repolarizating after depolarization and intracellular [Ca2+] rise

GABAA receptor channel Depolarizing in response to GABA

P2X purinoceptor channel Depolarizing in response to ATP

Ion channels in the nuclear envelope and the endoplasmic reticulum

InsP3 receptor channel
Ca2+ release by activation of muscarinic acetylcholine receptor, P2Y
purinoceptor, and lysophosphatidic acid receptor

BK channel
Counter ion movement for Ca2+ release to maintain driving force for Ca2+

release

influx of K+ into the store lumen cause alternating volt-
age changes across the store membrane, and this voltage
fluctuation induces AC currents. In the neuroepithelial
cell, the outer nuclear membrane is closely apposed to
the plasma membrane, and the cells are tightly packed
[6, 15, 38]. Thus, it is plausible that the voltage fluctuation
in the nuclear envelope potential is synchronized across
the cells by the AC current being transferred in series via
the capacitance of the outer nuclear membrane and the
plasma membrane [6, 41]. Real-time confocal fluorescence
measurements using an organelle-specific voltage-sensitive
dye revealed that the nuclear membrane potential generates
spontaneous repeats of high frequency (100–300 Hz) bursts
of fluctuations in potential [38]. Furthermore, oscillatory
changes in nuclear membrane potential underlie spike burst
generation in developing neurons prior to synapse formation
[38]. These results support the capacitative coupling model,
in which voltage fluctuations in the nuclear membrane
potential synchronize Ca2+ release across the population of
cells and also function as a current noise generator to cause
synchronous burst spike discharges in the neurons at an early
stage of neural development [6, 38].

9. Concluding Remarks

Table 1 summarizes the different types and functions of ion
channels expressed by neuroepithelial cells. While neurons
use voltage changes across the plasma membrane, such as
action potentials and synaptic potentials, for intercellular
communication, the neuroepithelial cell uses stored Ca2+

ions to enable proliferation as well as the synchronization
of Ca2+ oscillations. This synchronization is mediated by
voltage fluctuations in the membrane potential of the nuclear
envelope that allow capacitative (AC) electrical coupling
between the cells. The membrane potential across the
plasma membrane is stabilized via gap junction coupling,
which lowers the input resistance of the neuroepithelial
cell. BK-type potassium channels may also contribute to
the stabilization of the plasma membrane potential when
intracellular [Ca2+] is increased. Thus, stored Ca2+ ions are

a key player in the maintenance of the cellular activity of
neuroepithelial cells.
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doplasmic reticulum calcium content and calcium ATPase
activity in the control of cell growth and proliferation,”
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pancreatic acinar cells,” Pflügers Archiv—European Journal of
Physiology, vol. 430, no. 1, pp. 148–150, 1995.

[41] M. Yamashita, “‘Quantal’ Ca2+ release reassessed—a clue to
oscillation and synchronization,” FEBS Letters, vol. 580, no. 21,
pp. 4979–4983, 2006.

[42] M. Yamashita, “Synchronization of Ca2+ oscillations: Is gap
junctional coupling sufficient?” The FEBS Journal, vol. 277, no.
2, p. 277, 2010.



Hindawi Publishing Corporation
Stem Cells International
Volume 2012, Article ID 454180, 9 pages
doi:10.1155/2012/454180

Review Article

Large Pore Ion and Metabolite-Permeable Channel Regulation
of Postnatal Ventricular Zone Neural Stem and Progenitor Cells:
Interplay between Aquaporins, Connexins, and Pannexins?

Leigh E. Wicki-Stordeur1 and Leigh Anne Swayne1, 2, 3, 4

1 Division of Medical Sciences, Island Medical Program, University of Victoria, Victoria, BC, Canada V8W 2Y2
2 Department of Biology, University of Victoria, Victoria, BC, Canada V8W 3N5
3 Department of Biochemistry and Microbiology, University of Victoria, Victoria, BC, Canada V8W 3P6
4 Department of Cellular and Physiological Sciences, University of British Columbia, Vancouver, BC, Canada V6T 1Z3

Correspondence should be addressed to Leigh Anne Swayne, lswayne@uvic.ca

Received 5 April 2012; Accepted 27 April 2012

Academic Editor: Stefan Liebau

Copyright © 2012 L. E. Wicki-Stordeur and L. A. Swayne. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The birth of new neurons from unspecialized neural stem and progenitor cells surrounding the lateral ventricles occurs throughout
postnatal life. This process, termed neurogenesis, is complex and multistepped, encompassing several types of cellular behaviours,
such as proliferation, differentiation, and migration. These behaviours are influenced by numerous factors present in the unique,
permissive microenvironment. A major cellular mechanism for sensing the plethora of environmental cues directing this process
is the presence of different channel forming proteins spanning the plasma membrane. So-called large pore membrane channels,
which are selective for the passage of specific types of small molecules and ions, are emerging as an important subgroup of channel
proteins. Here, we focus on the roles of three such large pore channels, aquaporin 4, connexin 43, and pannexin 1. We highlight
both their independent functions as well as the accumulating evidence for crosstalk between them.

1. Introduction

New neurons are produced in the ventricular zone (VZ) of
the lateral ventricles throughout postnatal life [1]. This is a
remarkable developmental process, in which unspecialized
neural stem and progenitor cells (NSC/NPCs) pass through
a complex gauntlet of cell behaviours, such as prolifera-
tion, differentiation, and migration. It is now becoming
increasingly clear that the highly controlled movement of
several ions and small molecules trigger numerous, complex
signaling pathways that underscore the regulation of these
behaviours (recently reviewed in [2, 3]). As follows, there is a
growing body of evidence implicating “large pore” channels
in the control of postnatal VZ neurogenesis. In contrast
to typical ion channels, which are selective for small ions,
large pore channels can additionally (or exclusively) allow
passage of small molecules (neutral or charged). Aquaporin
4 (AQP4) connexin 43 (Cx43), and pannexin 1 (Panx1) are
three such large pore channels that are expressed in postnatal

VZ. Perhaps not surprisingly the roles of these channels
appear to be closely linked with one another and also with the
functions of other ion channels in the regulation of postnatal
VZ NSC/NPC biology.

2. AQP4

There are thirteen known types of AQPs in mammals
(AQP0-12; recently reviewed in [4]). These are categorized
into two primary subgroups based on function: those selec-
tive solely for water (AQP0, AQP1, AQP2, AQP4, AQP5), and
those permeable to water as well as small nonpolar solutes
such as glycerol and urea (AQP3, AQP7, AQP9, and AQP10).
Additional types can conduct ions (AQP6, AQP8), while so-
called “unorthodox” members (AQP11, AQP12) are more
distantly related to the other aquaporins and are expressed
on intracellular membranes [5]. In general, AQP proteins are
comprised of about 300 amino acids with six transmembrane
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α-helices arranged in a right-handed bundle with intracellu-
lar N- and the C-termini [6, 7]. AQP monomers oligomerize
to form tetramers, generating four aqueous pores [8, 9].
Specific motifs within the interhelical loop regions form the
water conduit and selectivity filter [10]. Slight variations
in peptide sequence between different AQPs have generated
variability in the size of the pore. This is part of the basis for
water selectivity (small pore) versus simultaneous water and
nonpolar solute permeability (larger pore) [8].

AQPs 1, 4, and 9 are present in the central nervous system
(CNS), largely in epithelial cells, ependymal cells, and/or
astroglia ([11–14], reviewed in [15, 16]), where they facilitate
movement of water between blood and brain, and between
brain and cerebrospinal fluid compartments. Dysregulation
of cell volume in the brain underlies clinical conditions such
as edema and hypoxia. Water balance also plays a crucial
role in neurogenesis, as NSC/NPCs must move consider-
able amounts of water into or out of the cell to rapidly
change their volume during proliferation, differentiation,
and migration.

The major AQP found in brain, AQP4, is highly enriched
in the neurogenic regions [11, 14, 17], particularly the VZ,
and is the main isoform expressed in adult NSC/NPCs and
ependymal cells [17, 18]. As described above, AQP4 is a
member of the water-only permeable subgroup. Consider-
able AQP8 (water plus small nonpolar solutes) and AQP9
(water plus ions) have also been detected in NSC/NPCs in
culture [18]. In contrast to AQP4, which is more ubiquitous
in the VZ, AQP9 is mainly localized in NSC/NPCs in
the dorsolateral corner [17]; however, its exact functional
significance in NSC/NPC biology remains to be determined.
AQP8 is detected primarily in the mitochondria-enriched
fraction, although whether it is present in neurogenic regions
in situ has not yet been reported [18].

Most of what is currently known about the role of
AQPs in NSC/NPCs comes from recent work on AQP4 [19–
21]. Using AQP4 knockout (KO) mice, Kong et al. [19]
demonstrated that it controls proliferation, survival, migra-
tion, and neuronal differentiation of VZ NSC/NPCs. An
observed impairment in neurosphere formation in AQP4
KO mice was attributed to both increased cell apoptosis and
decreased cell proliferation due to cell cycle arrest in G2/M
phase. Furthermore, upon neurosphere differentiation, the
proportion of immature neurons in the AQP4 KO popula-
tion was significantly lower than in the wildtype population,
whereas there was no significant difference in the proportion
of astrocytes. To help elucidate the underlying mechanism,
the authors investigated the effects of AQP4 loss on Ca2+

oscillations. In NSC/NPCs, L-type Ca2+ channel mediated
Ca2+ fluxes [22, 23] and purinergic receptor- (P2R-) depen-
dent Ca2+ oscillations [24–27] play major roles in directing
neurogenesis (recently reviewed in [2, 3]), in part through
Ca2+-dependent transcription [23]. Interestingly, these P2R-
mediated Ca2+ oscillations can even occur spontaneously
without exogenous stimulation in NSC/NPCs [25, 26]. AQP4
KO increased the frequency but decreased the amplitude
of spontaneous Ca2+ oscillations and suppressed high K+-
induced Ca2+ influx. Given its demonstrated effects on
intracellular Ca2+, it is not surprising that AQP4 KO also

affected the expression of other channels: the expression of
both Cx43 and the L-type voltage-gated Ca2+ channel Cav1.2
subtype were reduced.

3. Cx43

Cxs are a family of vertebrate four-pass transmembrane pro-
teins with intracellular N- and C-termini, that oligomerize
into hexameric channels known as connexons (hemichan-
nels), which, in turn, can connect neighboring cells across the
extracellular space by formation of gap junctions [28]. These
junctions provide a physical link between cells through which
ions, metabolites, and other messengers of up to 1 kDa in
size can diffuse, thereby mediating cell-cell communication
through passage of signaling molecules such as ATP [29],
IP3, and Ca2+ ([30] reviewed in [31, 32]). Gap junction-
independent functions of hemichannels have also recently
been identified, in which similar exchanges between the cell
and its extracellular environment are facilitated (reviewed
in [33]). Furthermore, the variable C-terminal domains of
individual Cxs can exert intrinsic functionality independent
from channel activity (reviewed in [34]), that appears to be
regulated by signaling/adaptor proteins like protein kinases,
phosphatases, and structural proteins (reviewed in [35]).
Cxs have been shown to widely influence physiological
and pathological processes and are key in coordinating
metabolic and electrical activities as well as cell growth and
proliferation (reviewed in [36]), cytoskeletal dynamics [37],
and transcriptional regulation [38–40].

Over twenty mammalian members of the Cx family
have been identified, with each respective isoform originally
named for its molecular weight (reviewed in [41]). Cx43
(gap-junction protein alpha-1, Gja1) is the most widely and
highly expressed Cx in almost every tissue [42], and it is the
predominant isoform within the CNS. Within the developing
CNS, Cx43 is detected in several cell types including astro-
cytes, NSC/NPCs, cortical neurons, and dopaminergic neu-
rons of the developing midbrain [43–49]. Cx43 is critical for
proper CNS formation and organization, likely through its
role in the neurogenic processes of NSC/NPC proliferation
[50], differentiation [47, 51], and migration [52–54] during
development. Interestingly, studies in human and murine
embryonic stem cells have found transcriptional regulatory
elements controlled by the NSC transcription factor SOX2
within the Cx43 gene region [55] and have identified Cx43
as necessary for both neuroectodermal specification [56] and
stem cell proliferation [57].

In the postnatal and adult brain, Cx43 expression
becomes much more highly restricted to astrocytes [58–60].
However, Cx43 remains present in cortical neurons [61],
ependymal cells [44], NSC/NPCs, and migratory neuroblasts
[62–65]. Within the neurogenic VZ and subsequent rostral
migratory stream (RMS), a dramatic increase in Cx43 is
noted between neonatal periods and adulthood [66] in
the astrocytes, NSC/NPCs, and ependymal cells, all of
which exhibit gap-junction-dependent coupling [63, 64, 67].
Within this stem cell environment, Cx43 is further thought to
be involved in hemichannel mediated ATP uptake and release
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[68, 69], contributing to propagation of Ca2+ waves from
intracellular IP3-dependent stores [70, 71]. This Ca2+ release
regulates NSC/NPC cell cycle entry and thus proliferation
[72]. Cx43 hemichannels are also permeable to Ca2+ and
controlled by Ca2+ (for recent studies see [73, 74]).

The data on the role of Cx43 in postnatal VZ neurogen-
esis is somewhat conflicting, and studies have been hindered
by the lethality of the full Cx43 knock-out due to severe
neonatal heart defects [75]. Some lines of evidence point
to a negative regulation of proliferation by Cx43. Within
the subependymal layers and RMS, levels of Cx43 were
inversely correlated with lower levels of DNA synthesis [66].
Intriguingly, this correlation was only mimicked in a primary
cell culture model upon high levels of confluence, indicating
a potential role for Cx43 in contact inhibition. Furthermore,
in vitro studies in mouse Neuro2a neuroblastoma cells, a
commonly used NPC model, demonstrated an increased
doubling-time upon Cx43 overexpression under nongap
junction forming conditions. Interestingly, only the C-
terminal tail was required for this reduced proliferation,
possibly through transcriptional regulatory mechanisms, as
this domain contains a putative nuclear localization signal
[76]. Additional work in Neuro2a cells identified Cx43 as a
Ca2+-dependent regulator of cell volume [77]. Murine PC12
cells, a well-studied pheochromocytoma-derived cell model
for neurite outgrowth, exhibited enhanced NGF-induced
neurite outgrowth when overexpressing Cx43. Interestingly,
untransfected cells within the same dish as those overexpress-
ing Cx43 also demonstrated enhanced neuritogenesis due
to Cx43 hemi-channel-mediated ATP release [78]. Similarly,
using murine embryonal carcinoma P19 cell line, Cx43
(and Gjb2) inhibition resulted in decreased astrocytic and
neuronal differentiation of these cells [79]. In contrast to
these results pointing to a role for Cx43 in negative regulation
of proliferation, other studies suggest Cx43 is a positive
regulator of proliferation. In developing and early postnatal
hippocampus, conditional Cx43 knockout in radial glia
and astrocytes causes severe inhibition of hippocampal
NSC/NPC proliferation [80]. Moreover, embryonic cortical
neurospheres were dependent on Cx43 gap junctional cou-
pling to maintain cells in proliferative state [50], but whether
this is conserved in the postnatal VZ is unknown.

Still, the functional relevance of Cx43 in NSC/NPCs of
the postnatal VZ in vivo remains to be discovered. Currently,
much is assumed from the previously mentioned cell culture
experiments, as well as developmental and postnatal hip-
pocampal studies. Together, it appears a role for Cx43 may
be emerging in VZ NSC/NPC self-renewal, differentiation
and migration, thereby contributing to the regulation of the
postnatal process of neurogenesis.

4. Panx1

Panx1 is part of a three-membered family of proteins with
homology to the invertebrate gap junction forming innex-
ins [81]. However, little concrete evidence exists pointing
towards gap junction functions for Panxs, which are instead
widely considered single-membrane channels (reviewed in

[82–84]). Panx1 monomers have a predicted four-pass
transmembrane sequence, with a conserved intracellular
N-terminus and much longer, variable intracellular C-
terminus. These monomers oligomerize into large hexameric
pores [85] that may be opened by depolarization [86, 87],
increased extracellular K+ (independent of depolarization)
[88, 89], mechanical stimulation [90], NMDAR activation
[91], intracellular Ca2+ [92], or low oxygen and glucose
conditions [93, 94]. Recently, it has been demonstrated that
the C-terminal domain of Panx1 is autoinhibitory, and can
be removed by caspase-dependent cleavage, resulting in con-
stitutive activation of this channel [95, 96]. Furthermore,
Panx1 activation can be inhibited by dramatically increased
extracellular ATP [97] or upon cytoplasmic acidification
[92], as well as through mimetic peptides [98] and channel
blockers [99, 100]. Once activated, the Panx1 pore may
nonselectively pass ions, metabolites, and other signaling
molecules up to 1 kDa in size (reviewed in [82–84]); however,
recent evidence has pointed towards Panx1 as being selective
for anions (e.g., Cl−) and anionic small molecules [101].
These channels are involved in several physiological and
pathological processes, largely by mediating ATP release in
several cell types (reviewed in [82–84]).

Panx1 is found in a wide range of rodent tissues, with
an expression profile similar to that of Cx43 [100]. It is
abundantly expressed in the brain [102, 103]. Importantly,
this relatively newly discovered large pore channel has
recently been identified in postnatal VZ NSC/NPCs and their
immature neuronal progeny [27]. Using Neuro2a murine
neuroblastoma cells and primary postnatal VZ neurosphere
cultures, Panx1 overexpression and inhibition dramatically
increased and decreased NSC/NPC proliferation, respec-
tively. Furthermore, this regulation was partly due to the
ability of Panx1 to release ATP (reviewed in [82, 83, 100,
104]), a potent signalling metabolite, which is released
in sporadic bursts from NSC/NPCs [25]. Released ATP
triggers intracellular Ca2+ mobilization via activation of
P2R signaling [24–27]. Ongoing studies will likely uncover
additional regulatory roles of Panx1 in neurogenesis, as well
as underlying mechanisms.

5. Crosstalk between “Large” Pore Channels and
Convergence of Signaling Mechanisms

Figure 1 summarizes the roles of AQP4, Cx43 and Panx1 in
postnatal VZ NSC/NPCs. Interestingly, there appears to be
multiple levels of crosstalk between each of these large pore
channels. Here, we outline three primary interconnected
ways in which the regulation and function of these large pore
channels converge: solute gradient regulation, cytoskeletal
signaling related to cell volume changes, and nucleotide
signaling.

5.1. Gradient Regulation. The movement of ions and met-
abolites is often dependent on the ability to tightly control
concentration gradients. These gradients cannot be gen-
erated and/or maintained without concomitant control of
water volume. The mechanism underlying the effects of
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Figure 1: Schematic illustration of the interplay between AQP4, Cx43 and Panx1 large pore channels as they mediate cytoskeletal interac-
tions, Ca2+ signaling, transcriptional regulation, ATP flux, and cell-cell communication between VZ NSC/NPCs.

AQP4 loss on Ca2+ oscillations and changes in L-type and
Cx43 channel expression have not been fully elucidated;
however, it is conceivable that these changes could result, in
part, from alterations in ion concentration gradients. Cx43
has also been implicated in volume control (for review see
[105]), perhaps through reciprocal relationships with AQP4,
as described above. Thus, the ion fluxes through Cx43 and
Panx1 are dependent on the capacity of AQP4 to regulate
solute concentration gradients.

5.2. Cytoskeletal Signaling. Proliferating, differentiating and
migrating NSC/NPCs and neuroblasts must make specific
and substantial changes in cell volume and morphology
that undoubtedly require the movement of water molecules.
For example, cell proliferation required for neurosphere
formation is inhibited by a hypertonic medium [106]—in
glioma cells this results in sustained cell swelling following
transient cell shrinkage [107, 108]. The precise details of

volume-sensing signaling mechanisms triggered by AQP4-
mediated water movement that are important for neuro-
genesis remain to be further elucidated. An early study in
cultured astrocytes demonstrated that AQP4 knockdown
also induced alterations of the actin cytoskeleton [109].
Therefore, AQP4-mediated changes in cell volume could
directly regulate Cx43 and Panx1 signaling through stretch
activation of the channels and/or the cytoskeletal-associated
signaling pathways to which they are linked. Recent work has
demonstrated that extracellular matrix stiffness modulates
NSC behaviour [110] and that cytoskeletal-regulating Rho
GTPases mediate the lineage commitment of hippocampal
NSCs [111]. For many years, Cxs have been closely linked
to the cytoskeleton in numerous cell types (e.g., see [37,
112–116], for reviews see [105, 117, 118] with actomyosin-
mediated contractility actually inhibiting Cx43 hemichannel
activity [118]).

As described above, we also now know that Panx1 regu-
lates NSC/NPC proliferation [27] which adds another layer
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of complexity. Previous work has shown that these channels
can be activated by mechanical stress [90]. Further sug-
gesting the potential for positive crosstalk between Panx1
and the actin cytoskeleton in NSC/NPCs, Panx1 has been
demonstrated to interact with the actin cytoskeleton [119]
and drive actin remodeling [120]. Moreover, nucleotide-
dependent mechanisms (e.g., ATP flux, P2R signaling) are
implicated in cytoskeletal remodeling in NSC/NPCs [121].
Interestingly, recent work has demonstrated that, in addi-
tion to regulating Cx43 and the actin cytoskeleton, AQP4
knockdown reduces a maxi volume-regulated anion current
of unknown molecular identity [122]. Given the discovery
of the anion selectivity of Panx1 [123], it is tempting to
speculate that Panx1 is the molecular basis of this enigmatic
maxi volume regulated anion channel—which, incidentally,
also mediates ATP release [124].

5.3. Nulceotide Signaling. Purinergic signaling mechanisms
also further link Cx43 and Panx1, albeit somewhat contro-
versially. Prior to the discovery of Panx1, channel-mediated
ATP release was mainly attributed to Cx43 hemichannels.
Interestingly, Cx43 expression also regulates P2R expression
[26] in embryonic VZ NSC/NPCs. Cx43 hemichannel-
mediated ATP release was heavily studied in astrocytes
(e.g., see [68, 125]), however, this role has recently been
challenged in favour of Panx1 [126]. Importantly, while Cx43
did not appear to form hemichannels in Xenopus oocytes
[127], numerous studies in mammalian cells have elucidated
the intricacies of Cx43 hemichannel activity (e.g., see [73,
74]). Furthermore, the cross-inhibition of Cx hemichannels,
Panxs, and volume-activated ion channels by certain phar-
macological tools is now well known [98, 104, 128], adding
further levels of complexity as several previously identified
Cx channel blockers are now known to inhibit Panx1 with
equal or greater efficacy. Whether Cx43 has hemichannel
activity in postnatal VZ NSC/NPCs may thus be more of an
open question than was previously thought and further work
is clearly needed to elucidate its role. Given that we now know
that Panx1 appears to play an important role in purinergic
signaling in NSC/NPCs, likely in part through mediating
ATP release [27], it will be important to determine if and
how Panx1 and Cx43 functionally interact in the postnatal
VZ. Might there be crosstalk between Cx43 and Panx1 in ATP
release and downstream purinergic signaling in the postnatal
VZ? Furthermore, what is the added value of having both
types of channels? Distinctions between Cx43 and Panx1
signaling may potentially lie in differences in regulation by
internal and external Ca2+ concentrations, ion selectivity,
single channel conductance, and/or involvement in separate
protein complexes and signaling pathways (for reviews, see
[83, 84, 117, 118, 129] and also see recent developments
[73]). These and other similar questions will undoubtedly be
the focus of future work.

6. Conclusions and Perspectives

Here, we have reviewed literature on the roles of three large
pore ion channels, AQP4, Cx43, and Panx1 in the regulation

of postnatal VZ neurogenesis. A common thread that has
emerged during this process is that the regulation and
functions of these channels seem to intimately connected
(Figure 1).
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anion-selective channel,” Pflügers Archiv, vol. 463, no. 4, pp.
585–592, 2012.

[124] R. Z. Sabirov and Y. Okada, “The maxi-anion channel: a
classical channel playing novel roles through an unidentified
molecular entity,” Journal of Physiological Sciences, vol. 59, no.
1, pp. 3–21, 2009.

[125] J. Kang, N. Kang, D. Lovatt et al., “Connexin 43 hemichannels
are permeable to ATP,” Journal of Neuroscience, vol. 28, no. 18,
pp. 4702–4711, 2008.

[126] R. Iglesias, G. Dahl, F. Qiu, D. C. Spray, and E. Scemes, “Pan-
nexin 1: the molecular substrate of astrocyte “hemichan-
nels”,” Journal of Neuroscience, vol. 29, no. 21, pp. 7092–7097,
2009.

[127] Q. V. Hoang, H. Qian, and H. Ripps, “Functional analysis
of hemichannels and gap-junctional channels formed by
connexins 43 and 46,” Molecular Vision, vol. 16, pp. 1343–
1352, 2010.

[128] Z. C. Ye, N. Oberheim, H. Kettenmann, and B. R. Ransom,
“Pharmacological “cross-inhibition” of connexin hemichan-
nels and swelling activated anion channels,” Glia, vol. 57, no.
3, pp. 258–269, 2009.
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