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Bioelectric Controls of Stem Cell 
Function

Vaibhav P. Pai and Michael Levin*

SUMMARY

The fi eld of stem cell biology has gained momentum over the past decade 
and half due to its potential to cure damaged and diseased tissues and 
shed light on the processes by which a single fertilized egg gives rise to 
the remarkable complexity of the embryonic body. Hopes for biomedical 
applications are fueled by the detection of resident adult stem cell 
populations in almost all tissues, including the central nervous system. 
The majority of efforts to understand and control the cues that regulate 
embryonic stem cell differentiation into various tissues have focused on 
biochemical signals and transcriptional networks. However, bioelectric 
signals mediated by slow changes in ion fl ows and transmembrane voltage 
gradients encode patterning information in physiological networks that 
guide embryonic morphogenesis, regeneration, and cancer suppression. 
Recent molecular work has begun to unravel the mechanisms of endogenous 
bioelectric infl uences on stem cell function. Here, we discuss fundamental 
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properties of bioelectric signals, the mechanisms by which they regulate 
stem cell maintenance and functional differentiation, and the prospects of 
manipulation of such signals for therapies in regenerative medicine.

INTRODUCTION

Defi nitions and Brief History

Stem cells are distinctly unspecialized cells with unique features of self 
renewal and the ability to differentiate along various cell lineages. Three 
most common types of stem cells are the embryonic stem cells derived 
from inner mass of the embryo (ES cells), somatic stem cells, and induced 
pluripotent stem cells (iPS) (Jaishankar and Vrana, 2009; Kao et al., 2008). 
Stem cell maintenance and differentiation requires continuous signal 
exchange among the stem cells and their surrounding microenvironment 
(niche). Alongside well-known biochemical signals exists an important 
and fascinating system of bioelectrical communication. These signals are 
mediated by endogenous ion fl ows, electric fi elds, and voltage gradients 
that ultimately derive from the action of ion channels and pumps; they are 
generated, and likely received, by all cells. These endogenous information-
bearing bioelectrical events are distinct from the high amplitude, very rapid 
action potentials of excitable nerve and muscle. In contrast, developmental 
bioelectric signals derive from steady-state currents and resting membrane 
potentials and their characteristic time scale is measured in hours to days. 
Many reviews have been written about endogenous bioelectric signals 
especially in wound healing and cell motility (Kenneth and Robinson, 1996; 
McCaig et al., 2009; Nuccitelli, 2003a; Zhao, 2009), as well as embryogenesis 
(Adams and Levin, 2012a; Levin, 2009, 2012). While most of the work on the 
mechanisms by which bioelectric cues control cell behavior has involved 
differentiated somatic cells, roles for instructive ion fl ows have begun to 
be uncovered in ES cells as well. Here we review available data on the 
bioelectric signals involved in maintaining stem cells’ niche and driving 
their differentiation.

Earliest discoveries of bioelectric signals can be traced as far back as 
Luigi Galvani in 1700’s. A number of modern workers used functional 
electrophysiology techniques (Borgens, 1982, 1988; Borgens et al., 1983; 
Hotary and Robinson, 1994; Jaffe and Nuccitelli, 1977; Jaffe and Stern, 
1979; Marsh and Beams, 1946a, b, 1947, 1952; Nuccitelli and Erickson, 
1983; Nuccitelli et al., 1977; Nuccitelli et al., 1986; Robinson, 1985; Robinson 
and Messerli, 2003) to show that bioelectric signals are broadly conserved 
from plants (Certal et al., 2008; Feijo et al., 2001) to mammals (Borgens, 



108 Stem Cells: From Basic Research to Therapy Volume 1

1999; Borgens et al., 1987; Borgens et al., 1994). Such ion-based signals 
control crucial aspects of cell behavior regulation including proliferation, 
apoptosis, differentiation, shape, orientation, and migration. Classical 
studies demonstrate endogenous bioelectric signals as bearers of important 
instructive information guiding limb regeneration (Jenkins et al., 1996), tail 
development (Hotary and Robinson, 1992), cell migration and orientation 
through the embryo (Borgens and Shi, 1995; Shi and Borgens, 1995), and 
oogenesis (Woodruff and Telfer, 1980) in a range of amphibian, avian, and 
invertebrate model systems.

With the rise of molecular biology, emphasis was placed on those 
questions best addressed using the state-of-the-art techniques, which are 
most suitable for probing biochemical events. As a result, most of the effort 
in the fi eld of stem cell regulation has been focused on such biochemical 
signals. Importantly, bioelectrical gradients are far more than housekeeping 
processes: they are carriers of instructive signals controlling individual 
cell behavior and the orchestration of cell functions within the context of a 
host organism (Levin, 2007; Levin, 2009, 2012; McCaig et al., 2005; McCaig 
et al., 2009). Thus, an understanding and mastery of bioelectrical signals 
will signifi cantly extend our ability to regulate stem cell maintenance and 
differentiation and are exciting targets for regenerative medicine.

Unlike the electrical circuits, in which current consists of electron 
fl ows, bioelectric signals are carried by charged ions like sodium (Na+), 
potassium (K+), chloride (Cl–), and protons (H+); calcium (Ca2+) is usually 
excluded because it signals by virtue of its chemical nature, at levels far 
too low to affect transmembrane potential. Such ion fl uxes are generated 
by ion channels and pumps within cell membranes (this review will focus 
mostly on gradients at the cell plasma membrane, although similar events 
occur at organelle membranes as well). The resulting separation of charge 
across the membrane gives rise to transmembrane voltage potential (Vmem) 
(usually inside negative –30 to –70 mV). The different aspects of spatially-
distributed voltage gradients (electric fi elds, individual ion fl uxes, and 
Vmem potentials) can all carry developmental information at signifi cant 
distances, as can passive properties of gap junctions which can regionalize 
tissues into iso-electric cell groups (Cooper, 1984; Fitzharris and Baltz, 2006; 
Zimmermann et al., 2009).

Thus spatiotemporal patterns of resting potential and ion fl ux are 
known to participate in the patterning signals that coordinate cellular 
activity towards the construction and maintenance of anatomy. Recent 
technological advancement and proof-of-principle applications of high- 
resolution functional studies of bioelectric controls now make it possible 
to study the mechanisms and relevance of these signals for regulation of 
stem cell activity.
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Modern Tools for Detection and Manipulation of Bioelectric 
Signals

Understanding the roles of biophysical parameters (pH, Vmem, ion fl ux) will 
enhance our ability to specifi cally direct stem cells in the direction of the 
damaged or injured tissue for its replacement and restoration of function. 
A signifi cant fi rst step in this direction is the ability to map physiological 
properties of differentiating stem cells in vitro. Much progress in this 
direction has been made in the area of stem cell-derived cardiomyocytes (SC-
CM). For functional restoration it is essential that SC-CMs must electrically 
couple to host cardiac tissue. Electrophysiological mapping techniques 
like microelectrode-arrays and optical mapping are employed (Weinberg 
et al., 2010). Microelectrode-arrays record extracellular measurements at 
numerous points across a small area (0.01–0.25 cm2) to assess electrical 
propagation. This set-up allows multiple recordings over space and time 
(Binah et al., 2007; Reppel et al., 2004). Microelectrode-arrays can also be 
used as high-throughput assays to test pharmacological drugs in terms of 
their effect, specifi city and safety and effi ciency (Caspi et al., 2009; Meyer 
et al., 2004). Optical mapping uses fl orescent labels (most common are Vmem 
and intracellular calcium [Ca2+]i sensitive dyes) that can be applied to areas 
of different sizes (Efi mov et al., 2004; Entcheva et al., 2000; Salama and 
Morad, 1976). These techniques can be used to detect waves of electrical 
activation in heart, neural and other stem cells (Leao et al., 2010; Li et al., 
2008b). Similar to microelectrode-arrays, optical mapping can also be used 
for high-throughput screens. New fl orescent dyes reveal a variety of cellular 
ion fl ows, i.e.: [Na+], magnesium [Mg2+], potassium [K+], pH, and these 
techniques can be applied to monitoring the slowly changing bioelectrical 
properties of stem cells and their non-excitable progeny (Moschou and 
Chaniotakis, 2000; Steinberg et al., 2007; Wolff et al., 2003; Yun et al., 2007). 
Additional methods now available include highly sensitive ion-selective 
extracellular electrode probes (Reid et al., 2007; Reid and Zhao, 2011a; 
Reid and Zhao, 2011b; Smith et al., 2007) and nano-scale voltage reporters 
(Tyner et al., 2007). Further, various specifi c strategies for quantitatively 
characterizing in vivo physiology have now been established (Adams and 
Levin, 2012a; Adams and Levin, 2012b, 2012a; Oviedo et al., 2008a; Weinberg 
et al., 2010).

Importantly, a plethora of reagents and methodologies have recently 
been developed for functional analysis of bioelectric signals with 
molecular specifi city (Adams, 2006a; Adams, 2008). Inverse drug screen 
can be performed (Adams and Levin, 2006) to implicate specific ion 
transporter proteins in any process of interest. This is most often used 
to probe endogenous bioelectrical mechanisms and has resulted in the 
identifi cation of channels and pumps as novel components of stem cell 
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regulation (Morokuma et al., 2008; Oviedo and Levin, 2007b; Sundelacruz 
et al., 2008). Targeted misexpression of hyperpolarizing and depolarizing 
channels in cells of interest now offers the opportunity to specifi cally perturb 
the Vmem in any cell of interest, characterizing the resulting phenotype to 
understand the role of bioelectric cues in pattern formation in a range of 
tractable model systems (Beane et al., 2011; Blackiston et al., 2011; Levin 
et al., 2002; Pullar et al., 2006; Pullar and Isseroff, 2005; Rajnicek et al., 
2006; Tseng et al., 2010). Such reagents make the molecular dissection 
of the transduction and transcriptional response steps possible that link 
biophysical and physiological events to downstream changes in cell 
behavior and anatomy.

A powerful new family of techniques, optogenetics, makes use of light 
gated ion channels (such as opsins) that control Vmem and thus allow great 
spatio-temporal resolution for functional perturbations of voltage gradients 
(Gradinaru et al., 2010; Lin, 2011). In one such study channelrhodopsin-
2-yellow fl uorescent protein was stably introduced into mES cells, which 
were then sorted by fl uorescence activated cell sorting (Stroh et al., 2011). 
Inward current was induced by blue light pulses. These mES cells retained 
the capability to differentiate into functional mature neurons as assessed 
by action potentials, fast excitatory synaptic transmission and expression 
of neuronal proteins. Automation of such processes allows precise chronic 
and temporal, non-invasive optical control of ES cells both in vitro and in 
vivo; it is likely that as optogenetic tools evolve to encompass reagent for 
control of resting potential, not only rapid action potentials, the technology 
will be incorporated into scaffolds and other bioengineered platforms 
for increased control of stem cell behavior via patterned light-regulated 
bioelectric modulation.

A great variety of new tools to map and control bioelectrical properties 
are now coming available. These tools will allow researchers to chart the 
bioelectric properties of stem cells to understand the interplay between 
physiological and genetic regulators of stem cell function in vivo.

THE ROLE OF BIOELECTRICITY IN GUIDING STEM CELL 
DIFFERENTIATION AND MAINTAINING THE NICHE DURING 
EMBRYOGENESIS

Signifi cant endogenous voltage gradients and electric fi elds have been 
documented in avian, amphibian, and mammalian embryos that are 
important for organ patterning (Hotary and Robinson, 1994; McCaig and 
Robinson, 1982; Metcalf and Borgens, 1994; Robinson and Messerli, 2003). 
The spatio-temporal patterns of these gradients are non-uniform across the 
embryo and are hypothesized to hold the necessary information required for 



Bioelectric Controls of Stem Cell Function 111

embryonic stem cell development and regeneration (Hotary and Robinson, 
1992; Metcalf and Borgens, 1994). A cell’s resting Vmem is a result of imbalance 
in the ionic concentrations that accumulate along the cell membrane. Thus, 
externally-applied electric fi elds have been used to redistribute ions, thus 
superimposing Vmem changes upon the resting Vmem (Pucihar et al., 2009). 
The kinetics and amplitudes of Vmem induced by externally applied electric 
pulses can be estimated analytically using Laplace’s or Schwan’s equation 
(Lojewska et al., 1989; Pucihar et al., 2009). The calculated Vmem responses to 
the applied electric fi eld have been corroborated using direct experimental 
measurements. Signifi cant hyperpolarization and depolarization can result 
from even millisecond application of electric fi elds of physiological strength 
10–100 mV/cm. 

Application of such external electric fi elds is now used as a tool to 
study the responses of embryonic stem and multipotent cells to bioelectrical 
differentiation cues.

Embryoid Cells Driven Towards Vasculature via Bioelectric 
Cues

Embryonic bodies derived from mES cells when exposed to pulsed 
electric fields showed increased vascular endothelial growth factor 
(VEGF) expression (Sauer et al., 2005). Similar results were also observed 
in cultured human umbilical cord stem cells (Zhao et al., 2004). VEGF is a 
potent angiogenic factor and in turns triggers proliferation, migration, and 
remodeling of matrix which are necessary for angiogenesis (Ferrara, 1995; 
Matsunaga et al., 2008). The exact mechanism of electric fi eld-mediated 
VEGF stimulation is not known but a role of reactive oxygen species in 
this process has been postulated (Sauer et al., 2005). Bioelectrical control of 
vascular growth may be a useful addition to the current toolkit for treatment 
of vascular diseases including coronary artery diseases (by induction of 
new vessels) or by limiting or redirecting tumor vasculature.

Bioelectric Cues in Directing Embryonic Neural Stem Cells 
(NSC) Growth and Differentiation

Endogenous electric fi elds have been shown to be central for embryonic 
neural development and in damaged and regenerating nervous system. 
Steven Ingvar in 1920 showed for the fi rst time that chick embryonic neural 
explants orient the nerve processes in presence of electric fi elds (7mV/mm) 
(Ingvar, 1920). Avian neurite fi bers were defl ected towards the cathode 
and growth on cathode side was much faster (Marsh and Beams, 1946a, 
b). Disaggregated Xenopus laevis embryonic NSC have become a great 



112 Stem Cells: From Basic Research to Therapy Volume 1

tool for studying this effect as it allows studying single cells eliminating 
the possibility of explants movement. The developing Xenopus neural 
tube is easily accessible; the neurons are easy to grow and are robust and 
relatively large. It also allows direct comparison with the chemotaxis data 
that are usually generated using Xenopus preparations. These Xenopus 
preparations, in well-controlled experimental conditions for electrode 
material and induced chemical gradients in the media, also showed a strong 
preference towards current sink (cathode) (Hinkle et al., 1981; McCaig et 
al., 2005). Such effects of electric fi elds on embryonic neural directionality 
have also been shown in chicks and rodents (Jaffe and Poo, 1979; Rajnicek 
et al., 1992). These observations have had important consequences for 
clinical efforts to stimulate central nervous system (CNS) repair following 
injury (Borgens, 1999; Borgens et al., 1987). Similar observations have been 
made on embryonic derived muscle cells, neural crest cells, fi broblasts and 
epithelial cells (Robinson, 1985). A major caveat for these studies is the 
observation that different culture conditions (media components, culture 
surface coating and charge) dramatically affect the response of the cultured 
neurons making it diffi cult to predict how the neurons would react in vivo 
(McCaig et al., 2000; Rajnicek et al., 1998). Hence it is key to understand 
the bioelectric physiology and environment of these embryonic precursor 
cells in vivo in order to be able to duplicate these conditions to guide and 
direct them towards specifi c lineages in vitro.

Gap Junctional Communication in Maintaining Stem Cells 
During Embryonic Development

Gap junctional channels (GJC) enable direct passage of water-soluble small 
molecule signals from the cytoplasm of one cell to that of its neighbor, 
bypassing the normal routes of transmembrane secretion. This is an 
extremely versatile system of communication between cells, allowing rapid 
synchronization among cells and the passage of signals, both of which 
can be regulated at the level of gap junction number, permeability state, 
selectivity, etc. (Falk, 2000; Goodenough and Musil, 1993; Goodenough and 
Paul, 2009; Herve et al., 2007; Mese et al., 2007). GJCs are a perfect conduit 
for developmental information fl ow, which depends on the ability of cells 
and tissues to communicate, or restrict communication in specifi c instances, 
to allow proper differentiation (Rela and Szczupak, 2004; Sutor and Hagerty, 
2005). The control of spatial spread of bioelectric signals by GJC paths among 
cells in any tissue allows effi cient, coordinated regulation of cell migration, 
proliferation, and differentiation (Levin, 2003; McCaig et al., 2005; Nuccitelli, 
2003a; Nuccitelli, 2003b; Robinson and Messerli, 2003).
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A fi ne balance of proliferation and differentiation must be maintained in 
populations of stem cells of the embryo that support dynamic maintenance 
of organ systems. Gap junctions are beginning to be uncovered as an element 
of this process (Sheardown and Hooper, 1992; Tazuke et al., 2002; Trosko, 
2005; Trosko et al., 2000; Wong et al., 2004). Direct dye coupling assays have 
demonstrated compartments of bioelectric signal communication via GJC 
in a number of embryonic systems, such as squid (Potter et al., 1966), newt 
(Ito and Loewenstein, 1969), chick (Sheridan, 1966), and frog (Guthrie et al., 
1988; Guthrie, 1984; Levin and Mercola, 1998, 2000; Nagajski, 1989; Turin 
and Warner, 1980). Interestingly, NSC exhibit a unique signature based 
on GJC and ion transporters, and GJC are essential for their survival and 
proliferation (Cai et al., 2004). Germ line stem cells differentiate upon losing 
contact with their niche, which likely involves GJC.

Direct physiological communication through gap junctions allows 
regulated propagation of bioelectrical signals across cell fi elds; it is likely 
to be an important component of maintaining the stem cell niche.

Role of Vmem in Embryonic Stem Cell Maintenance and 
Differentiation

It has long been observed (Binggeli and Weinstein, 1986) that cellular Vmem 
well-correlated with overall proliferation and plasticity/differentiation 
state (Figure 1). High degree of polarization (hyperpolarized Vmem) tends 
to be present in differentiated quiescent cells, whereas low polarization 
(depolarized Vmem) is associated with mitotically active progenitor or stem-
like cells. Vmem-associated changes have been shown to regulate proliferation 
and differentiation in embryonic precursor/stem cells, with a major role of 
K+ current regulation (Park et al., 2007; Wang et al., 2005). In human and 
mouse ES cells, delayed outward rectifying K+ current (IKDR) (depolarize 
Vmem) is present and is permissive for proliferation, as application of specifi c 
K+ channel blockers inhibited DNA synthesis (Wang et al., 2005). In Xenopus 
embryos, the K+ channel Kcnq1 (Kv7.1) contributes signifi cantly to the 
membrane potential (Morokuma et al., 2008). Misexpression of its regulatory 
subunit Kcne1 (Mink, Isk), suppressed Kcnq1 currents, resulting in Vmem 
depolarization and ectopic induction of the neural crest regulator genes 
Sox10 and Snai2 (Slug). The result was over-proliferative melanocytes with a 
highly invasive migratory phenotype resembling metastasis (Morokuma et 
al., 2008). Surprisingly, some studies show that depolarization of mES cells 
by blocking Kv channels prevents proliferation and induces differentiation 
in these cells (Ng et al., 2010). Although, Kv channels have been shown to be 
present in mES cells (Wang et al., 2005) their endogenous activity is not yet 
determined as depolarization would be essential in the fi rst place to activate 
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these channels. Nonetheless, the potential utility of Vmem as a controller of cell 
behavior is demonstrated by experiments where post-mitotic CNS neurons 
can be coerced into reentering cell cycle by long term depolarization (Cone 
and Cone, 1976; Cone and Tongier, 1971; Stillwell et al., 1973). A fascinating 
aspect of these studies was that, the effect was maximal at 100µM of 
drug blocking K+ current and declined at 1mM (Yasuda et al., 2008). Such 
biphasic effects suggest the presence of an optimal membrane potential 
range–window effect–resulting in further higher order information storage 

Figure 1. Vmem control of stem cell maintenance and differentiation. Physiological 
measurements of various cell types as documented in [modifi ed from (Binggeli and Weinstein, 
1986). Stem cells and highly proliferative cells have a relatively depolarized Vmem. However, 
quiescent, terminally differentiated cells are strongly polarized. A deviation from this is seen in 
the liver tissues which have a Vmem closer to the proliferative and stem cells than differentiated 
cells. It highlights the highly responsive progenitor cells population and high regenerative 
ability of liver tissues. Analogously, proliferative cancer cells also cluster with stem and highly 
proliferative cells. The relationship between Vmem and cell fate is thus a functional one, e.g., 
mature CNS neurons were induced to reenter cell cycle by forced depolarization (Stillwell et 
al., 1973) and not a secondary manifestation of cell fate (Levin, 2003).

Color image of this figure appears in the color plate section at the end of the book.
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and signals within different ranges of cell’s Vmem. These data reveal Vmem as a 
bearer of important instructive information guiding stem cells of the embryo 
along different lineages. A thorough understanding of how differentiation 
information is encoded in cell-autonomous and microenvironment-driven 
bioelectric signals during embryonic development will provide essential 
information for guidance of stem cells along desired lineages.

BIOELECTRICITY DEFINES THE STEM CELLS NICHE DURING 
TISSUE REGENERATION AND HOMEOSTASIS DURING 
ADULTHOOD

Repairing tissues lost due to injury, age, or disease is one of the prime 
goals of stem cells biology and regenerative medicine. The potential 
of regenerative systems has been recognized for more than a century 
(Morgan, 1901). However some of the fundamental questions still remain 
(Birnbaum and Sanchez Alvarado, 2008; Goss, 1969). How does a system 
know it is injured and when repair should stop? What is the nature of the 
information that governs organ structure? Is regeneration a manifestation 
of resident multipotent cells or transdifferentiation? Are the programs 
used for regeneration co-opted from developmental programs or are 
there specifi c injury related programs present within the system (Borgens, 
1984)? Is regeneration inherent to living systems or is it an adaptation? Can 
physiological control points be used to enhance and guide regeneration? 

A major effort towards this goal is to understand the cues that guide cell 
behavior during morphogenesis with the hopes that it might answer some 
of these questions. Biochemical means of manipulating stem cells has been 
the mainstream approach but data collected over the past century indicate 
that bioelectric signals (ion fl ows, Vmem) constitute an important system of 
cellular control (Levin, 2009; McCaig et al., 2009).

Neural Stem Cell Differentiation

Voltage gradients affecting neurogenesis

Endogenous voltage gradients have been shown to be present in embryos 
of various species, notably in the developing nervous system (Burr and 
Bullock, 1941; Burr and Hovland, 1937; Hotary and Robinson, 1992, 1994; 
Shi and Borgens, 1994, 1995). One of the fi rst pieces of evidence for voltage 
gradients affecting neuronal growth in the mammalian CNS was from 
embryonic rat hippocampal neurons in culture (Rajnicek et al., 1992). The 
axons were observed to be orthogonally aligned to the applied voltage 
gradient vector and it was suggested that the endogenous voltage gradients 
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may control the structural and functional polarity of CNS neurons. Neural 
progenitor cells have now been identifi ed in the spinal cord and mature 
brain and are recruited to the site of injury (Hawryluk and Fehlings, 
2008; Jin et al., 2006; Zhao et al., 2008). Various types of brain damage like 
trauma, stroke, and degenerative disorders stimulate both, the generation 
of endogenous electrical signals and the proliferation and differentiation of 
endogenous neural progenitors (Elliott et al., 2003; Fallon et al., 2000; Gould 
and Tanapat, 1997; Madhavan et al., 2009; Magavi et al., 2000; McCaig et al., 
2009; Yamamoto et al., 2001). Electric fi elds can regulate the axis of neural 
cell division in vivo (Borgens and Shi, 1995; Sausedo et al., 1997; Tuckett and 
Morriss-Kay, 1985) and guide neuronal migration (Li et al., 2008a; Meng 
et al., 2011). Hence, a combination of NSC transplants and electrical fi elds 
to guide their migration and differentiation has been proposed (Yao et 
al., 2011). However, the high complexity of nervous system structure and 
function brings signifi cant technical challenges to direct control of electric 
fi eld-mediated neurogenesis. Functional biomaterials like hydrogels, silk 
fi lms with conductive properties, and nanotechnology are potentially 
promising solutions to these problems (Cho and Borgens, 2010; Cho et al., 
2009; Kim et al., 2010; Kim et al., 2009; Matos and Cicerone, 2010). Clinical 
application in regulating injured spinal cord neuron regrowth via applied 
voltage gradients are now being performed (Borgens, 1999; Shapiro et al., 
2005).

Thus, voltage gradients serve as conduits of important bioelectric 
information not only during embryonic neural development, but also during 
neurogenesis from adult stem cells. However, extensive technological 
development is necessary before this information can be tapped into for 
biomedical applications.

Vmem in regulating adult neural stem cell niche

In the adult mammalian neurogenic niche of the sub-ventricular zone 
(SVZ), self-renewing and multipotent NSC give rise to actively proliferating 
cells called ‘transit-amplifying cells’, followed sequentially by neuroblasts 
(Doetsch et al., 1999; Garcia et al., 2004; Imura et al., 2003; Laywell et al., 
2000; Morshead et al., 2003; Seri et al., 2001). NSC are mixed together with 
and transit-amplifying cells that are more generally called neural precursor 
cells (NPC). The electrical properties of adult NSC/NPC cell membranes 
are characterized by a hyperpolarized resting Vmem (~ –75mV) (Liu et al., 
2006; Yasuda et al., 2008). Unlike adult NPC, neonatal and embryonic NPC 
have a more depolarized Vmem between ~ –55 mV and ~ –40 mV respectively 
(Cai et al., 2004; Cesetti et al., 2009; Nguyen et al., 2002; Owens et al., 1996; 
Smith et al., 2008), consistent with the long-known relationship between 
depolarization and degree of differentiation (Cone, 1970, 1971; Cone and 
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Tongier, 1971). Also, adult NPC exhibit predominantly delayed rectifying 
K+ (IKDR) currents with minor or no contribution from rapidly inactivating 
K+ (IKA) currents (Liu et al., 2006; Yasuda et al., 2008). However, in neonatal 
NPC, IKDR and IKA currents of almost equal amplitude are observed (Cesetti 
et al., 2009) (see Table 1 and 2). The difference in the Vmem and bioelectric 
properties of neonatal and adult NPC may refl ect the morphological 
observation that the neonatal SVZ undergoes a developmental shift from 
an embryonic neurogenic niche and is distinguishable from the adult.

In adult NPC, the hyperpolarized Vmem is attributed to high 
K+ conductance of the resting membrane (Yasuda et al., 2008), which is due 
to the presence of Ba2+-sensitive inwardly rectifying K+ (Kir) channels (Liu 
et al., 2006; Yasuda and Adams, 2010; Yasuda et al., 2008). Sub-millimolar 
Ba2+ and increased extracellular K+ concentration elicits depolarization to 
~ –55 mV and enhances growth factor-stimulated NPC proliferation (Yasuda 
et al., 2008), thus suggesting that Vmem depolarization is the underlying 
mechanism of controlling NPC proliferation. Analogously, during astrocyte 
cell cycle progression from G1/S checkpoint to S phase, there is a transient 
depolarization associated with decreased Kir channel activity (MacFarlane 
and Sontheimer, 2000). Such cell cycle progression and proliferation can 
be induced in astrocytes by sub-millimolar Ba2+ mediated decrease in Kir 
channel activity causing depolarization. Similarly, the NPC cell cycle is 
thought to be regulated by Kir channel activity. Several different Kir channel 
isoforms have been identifi ed in adult NPCs in the SVZ (Liu et al., 2006; 
Yasuda et al., 2008). Hence it has been hypothesized that in adult NPC, 
Kir channels may act as a sensor detecting changes in K+ concentration in 
extracellular space, cerebrospinal fl uid or plasma K+ levels during normal 
and pathological conditions (Yasuda and Adams, 2010).

Interestingly, further depolarizing the Vmem to ~ –30mV with higher 
concentration of Ba2+ decreases the NPC proliferation. This suggests the 
presence of an optimal Vmem window for NPC proliferation. Such a non-linear 
relationship between Vmem and proliferation has been shown in mammalian 
cells (Sundelacruz et al., 2009) and a similar window was recently found for 
the voltage range specifying embryonic cells towards an eye morphogenesis 
fate (Pai et al., 2012). Thus, Vmem serves as a powerful control knob for 
regulating adult stem cells and their niche. More importantly, they provide 
a mode of manipulating stem cell behavior using pharmacological means 
that do not require genetic manipulation.

Gap junctions in regulating adult neural stem cell niche

Gap junctions are known to play various physiological roles, providing 
electrical and metabotropic intercellular communication because of their 
capability to pass various aqueous small molecules < 1 kDa, such as cations, 
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anions, nutrients, metabolites and, second messengers (Dbouk et al., 2009). 
A marked increase in expression of connexin (Cx) 43 gap junctional protein 
has been observed between the neonatal period and adulthood in the SVZ 
(Miragall et al., 1997) and NSC in the adult SVZ exhibit coupling to 4–10 
other NSC (Liu et al., 2006; Liu et al., 2005). This refl ects the postnatal 
development of the adult neurogenic niche (Kong et al., 2008; Liu et al., 
2006).

During rat embryonic development, GJCs have been shown to be 
essential for NSC’ survival and proliferation (Cai et al., 2004). Cx43 and Cx45 
were found in dissociated embryonic rat NSC. The presence of functional 
GJCs was confi rmed via small fl uorescent dye spreading after microinjection 
into single NSC (Cai et al., 2004). Further, pharmacological disruption of 
GJCs resulted in inhibited proliferation and death of these NSC. Similar 
observations were made in embryonic mouse cortical NSC, where Cx43 
mediated gap junctions were essential for survival and proliferation (Cheng 
et al., 2004; Duval et al., 2002). Inhibition of GJCs resulted in either death 
or differentiation of the NSC, while Cx43 overexpression promoted self-
renewal (Elias and Kriegstein, 2008).

In adult mammals, Cx43 and Cx30 are expressed in hippocampal 
radial glia-like NSC where they are required for NSC proliferation and 
neurogenesis (Kunze et al., 2009). Mice lacking Cx30 and Cx43 in these 
NSC showed signifi cant decline in NSC and almost complete inhibition 
of proliferation. Similar observations were made using inducible virus-
mediated Cx ablation, which reduced neurogenesis (Kunze et al., 2009). 
The central canal of the spinal cord has also been shown to support a niche 
of spinal NPC, which in some vertebrates are responsible for functional 
recovery after spinal cord injury. These cells show a high density of Cx43 
and whole-cell patch clamp showed extensive dye coupling of cells, 
suggesting strong GJC coupling among the NPC (Russo et al., 2008). Thus, 
the spinal NPC share basic gap junctional properties of embryonic and 
adult brain neurogenic niche. Understanding such aspects may help tap 
into the potential for generation of new neurons in situ for cell replacement 
therapies.

Interestingly, Cx expression and GJC coupling is lost in both embryonic 
and adult NSC as they differentiate into neuronal precursors. These neural 
precursor cells then become refractory to the GJC blockers (Cai et al., 2004; 
Kunze et al., 2009). All this strongly suggest that Cx and GJC communication 
are required for neurogenesis in embryonic as well as adult brain.

What molecules actually fl ow through GJCs in mediating signals that 
maintain the NSCs niche remains to be fully investigated. One role for gap 
junctions in bioelectrical signaling is to demarcate iso-potential cell groups 
and average out neighboring cells’ Vmem levels. The NSCs in adult mice SVZ, 
with a hyperpolarized Vmem, Cx43 expression and GJC (assayed via dye 
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spreading) show a passive current profi le (Liu et al., 2006). They maintain 
whole cell currents that are mainly due to electrical currents through GJC. 
Similar observations have been made in the hippocampal radial glia-like 
NSC (Bahrey and Moody, 2003; Lo Turco and Kriegstein, 1991). In goldfi sh 
retinal marginal zone (retinal adult stem cell niche), the progenitor cells 
are coupled by GJCs with large amount of passively fl owing ion current 
between them (Tamalu et al., 2001). Their differentiation however, is 
accompanied by junctional uncoupling. In addition, it is also possible that 
the GJC is an important downstream target–gap junctions–regulated by 
transjunctional voltage (Harris et al., 1983; Spray et al., 1981; Verselis et al., 
1997) and the cells’ Vmem levels may be important in regulating the passage 
of other, non-electrical signals among the cells.

The above set of data indicates that the electrical signals coupling the 
NSC via GJCs is essential for their survival and proliferation; loss of this 
ability accounts for their differentiation.

Ion fl ux changes as markers of stem cell differentiation 
stages

Two key questions must be answered in order to extract therapeutically 
relevant information about Vmem in stem cell differentiation: (1) what 
are the electrophysiological differences between the differentiated and 
undifferentiated states, and (2) are these differences instructive for 
differentiation? The majority of work has been done in neural and muscular 
systems, as the acquisition of electrophysiological features contributes to 
the excitability of the mature cell. Comprehensive physiomics profi ling 
is needed to formulate quantitative models that explain the bioelectrical 
differences among cells at different steps of differentiation. During early 
stages of development, maturing neural crest cells express human ether à 
gogo-related genes encoding K+ currents (IHERG) and IKDR currents, while 
during later stages, neural crest cells exhibit Vmem hyperpolarization and 
expression of IKDR, IKIR, and Na+ (INa) currents (Arcangeli et al., 1995; 
Arcangeli et al., 1998; Arcangeli et al., 1997; Arcangeli et al., 1999). Based 
upon the observed physiological remodeling, it was suggested that the 
ordered expression of ion channels defi nes neural crest cell developmental 
stages (Arcangeli et al., 1997). Characteristic changes in Na+ and K+ 
channel expression and the induced ionic currents have also been found 
to accompany neural differentiation of other stem-like cell types, such as 
neural stem-like cells from human umbilical cord blood (Sun et al., 2005), 
immortalized hNSC (Cho et al., 2002), and mESC (Chafai et al., 2006) (see 
Table 1 and 2). Thus, electrophysiological profi les can be coupled with 
traditional immunocytochemical techniques to describe the maturation 
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state of cells and to distinguish among different cell populations originating 
from common precursors.

Crucially, electrophysiological changes play functional, instructive roles 
in the differentiation process and hence provide more than a passive readout 
of developmental stage or of linage commitment. Neural differentiation 
has been shown to depend on the function of specifi c ion transporters 
such as the Na+/K+-ATPase (Messenger and Warner, 1976, 1979), vacuolar 
H+ ATPase (Lange et al., 2011), and voltage-gated Na+channels (Pineda 
et al., 2005; Pineda et al., 2006; Ribera and Nüsslein-Volhard, 1998; 
Svoboda et al., 2001). Hyperpolarization has been shown to infl uence the 
development and maturation of mammalian cerebellar granule cells with 
the hypothesis that these Vmem changes alter Ca2+ signaling to control stage-
specifi c gene expression (Nakanishi and Okazawa, 2006; Rossi et al., 1994). 
Analogously, developmentally-upregulated genes were downregulated 
with depolarization, while developmentally-downregulated genes were 
upregulated with depolarization (Sato et al., 2005). This suggests that the 
physiological state (Vmem) has a powerful control over the precursor cell 
genetics.

Overall these experiments suggest that the changes in specifi c ion 
fl uxes are not only differentiation markers of stem cell progeny but by their 
infl uence on overall Vmem, actually participate in regulating the stem cell 
differentiation process.

Planarian Neoblast Differentiation

The fl atworm planaria is a bilaterally symmetrical animal with three 
tissue layers, multiple organ systems, and a complex brain and CNS. It 
also possesses impressive powers of regeneration (Reddien and Sanchez 
Alvarado, 2004) making it a powerful model for the study of the control of 
stem cells in the context of large-scale pattern formation. A worm can be cut 
into many pieces, and each piece can regenerate into a complete worm.The 
basis of this ability is the presence, throughout the animal, of adult stem 
cells called neoblasts. When a worm is bisected, the cells at the anterior-
facing edge of the fi rst fragment must form a head, while the cells at the 
posterior-facing edge of the other fragment form a tail. These cells were 
adjacent neighbors before the cut and yet implement completely different 
morphological structures, making this an excellent system in which to 
study the relationship between large-scale anatomical form and stem cell 
behaviour. In order to know what structures remain in any given fragment 
after injury (and thus recreate only what is missing), the blastema cells 
must receive information from the remaining tissues. Since this involves 
information transfer over several cell lengths, the role of GJC in this process 
has been investigated (Oviedo and Levin, 2007a).
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Meticulous inhibition of each of the 12 GJC transcripts expressed in 
the planaria showed that Smedinx11 is required for normal regeneration 
and proper neoblast niche maintenance and function (Oviedo and Levin, 
2007a, b; Reddien and Sanchez Alvarado, 2004). Moreover, Smedinx11 is 
also required for proliferation and maintenance of the stem cell population. 
While it is now known that Vmem(Beane et al., 2011) and GJC (Nogi and Levin, 
2005) are both key determinants of anatomical identity during planarian 
regeneration, much work remains to fl esh out the mechanisms by which 
GJC-permeable signals and Vmem interact to specify patterning signals for 
neoblast progeny. In particular it is not yet known whether GJC is used to 
establish cell fi elds of specifi c Vmem regions, or whether voltage gradients 
regulate the movement of small molecule chemical morphogens through 
GJC paths during regenerative morphogenesis.

Mesenchymal Stem Cells (MSC) Differentiation

Electrophysiological properties

The developmental electrophysiology of myocyte differentiation has been 
characterized. Differentiation of mouse embryonic stem cells (van Kempen 
et al., 2003) and embryonic carcinoma P19 cells (van der Heyden et al., 
2003) into cardiomyocytes correlates with up-regulation of cardiac-related 
ion channels in specifi c temporal patterns. Transient outward K+ channels 
are up-regulated early during differentiation, and Na+ and delayed inward 
rectifi er K+ channels later during differentiation (van der Heyden et al., 
2003). Skeletal myoblasts also exhibit distinct current and ion channel 
profi les in their proliferating and differentiating states. 

Murine C2C12 myoblasts undergoing active proliferation express an 
ATP-induced K+ current and a swelling activated Cl– current (Fioretti et 
al., 2005; Kubo, 1991; Voets et al., 1997). Upon initiation of differentiation, 
these currents are replaced with a tetrodotoxin-sensitive Na+ current, and 
IKDR currents (Kubo, 1991; Lesage et al., 1992; Voets et al., 1997; Wieland 
and Gong, 1995). From these data it appears that the change in the profi le 
of K+, Cl– and Na+ current is an essential aspect of MSC proliferation and 
differentiation. A signifi cant amount of physiomic characterization remains 
to be performed before data mining can extract highly-specifi c, predictive 
signatures for different cell states.

Vmem mediated modulation of MSC

Several recent studies have demonstrated that endogenous Vmem modulation 
is an instructive signal during MSC differentiation and maturation. For 
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example, Vmem hyperpolarization precedes human myoblast differentiation 
and is essential for this process since myocyte fusion and transcription 
factor activity are blocked when hyperpolarization is blocked (Konig et al., 
2006; Konig et al., 2004; Liu et al., 1998). Similarly, expression of the chloride 
channel ClC3 and its corresponding Cl– current is required for fi broblast-to-
myofi broblast differentiation (Yin et al., 2008) and expression and function 
of two inward K+ rectifi er channels is essential for the differentiation of 
human hematopoietic progenitor cells (Shirihai et al., 1998; Shirihai et al., 
1996). Since endogenous hyperpolarization occurs upstream of known 
conventional biochemical signaling events also hints at the possibility of 
using a single control point to modulate the differentiation-related signaling 
pathways.

Vmem controls hMSC differentiation decisions in vitro (Sundelacruz et 
al., 2008). hMSC (Vmem–40mV) undergo hyperpolarization during both 
osteogenic (Vmem–56mV) and adipogenic (V mem –74mV) differentiation 
(Sundelacruz et al., 2008). When normal Vmem progression was disrupted 
by forced depolarization, suppression or delay of both osteogenic and 
adipogenic differentiation was observed. Conversely, during osteogenic 
differentiation, treatment with hyperpolarizing drugs induced upregulation 
of bone-related gene expression indicating accelerated differentiation 
(Sundelacruz et al., 2008). These observations provide compelling evidence 
for an instructive role of Vmem in differentiating hMSC. Interestingly, 
bioelectric cues can overcome competing biochemical signals; for example 
depolarization trumps the induction of differentiation by insulin and 
dexamethasone in hMSC (Sundelacruz et al., 2008) while physiological-
strength electric fi elds override opposing chemical trophic factors, contact 
inhibition release, and population pressure during wound healing (Zhao, 
2009). Future possibilities include maintenance of a renewable stem 
cell population in vitro and acceleration or augmentation of stem cell 
differentiation for therapeutic purposes or for tissue engineering, if scaffold 
and bioreactor constructs are designed in a way that allows pharmacological 
and genetic manipulation of Vmem (Hechavarria et al., 2010).

The data generated so far clearly suggest that bioelectric signals are an 
integral part of defi ning the adult stem cell niche in several tissues (e.g., 
neural and mesenchymal). Moreover, changes in ion channel expression/
function, the resulting ion fl uxes, and ultimately Vmem gradients, form 
a very important instructive signal for the stem cells to proliferate and 
differentiate along specifi c lineages. This bioelectric control of stem cell 
fate regulation is conserved between invertebrate (planaria) to vertebrate 
systems (amphibians).
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Mechanism of Bioelectric Signal Transduction

Bioelectrical signals (carried by the spatio-temporal pattern of ion fl ows 
through ion channels, pumps, and gap junctions) are found both upstream 
and downstream of conventional biochemical and genetic pathways 
(Figure 2). Expression of ion translocator proteins is under genetic and 
biochemical control and the bioelectrical signals themselves can infl uence 
downstream biochemical and genetic signals. Misexpression of channel 
and pump mutants can be used in gain- and loss-of-function approaches to 
specifi cally modulate different aspects of ion fl ux, in vivo or in vitro (Adams 
and Levin, 2012a). For example, misexpression of electroneutral transporters 
can differentiate between Vmem change vs. fl ux of specifi c ions as being the 
information-bearing signal. Pore mutants can distinguish between ion 
conductance roles vs. possible functions of channels/pumps as scaffolds 
or binding partners (nonelectrical signaling). These reagents, coupled with 
more standard molecular-genetic and biochemical readouts of cell state (e.g.: 
mRNA expression analyses) are being used to fl esh out the amplifi cation 
and transduction pathways through which biophysical events couple to 
transcriptional outcomes and thus control stem cell behavior.

Specialized sensory cells can distinguish external electric fi elds as weak 
as 5 nV/cm (Kalmijn, 1971, 1982). The most common mechanism linking 
Vmem change and downstream events is calcium infl ux (via voltage-sensitive 
Ca2+ channels) (Sasaki et al., 2000; Shi et al., 2000; Zayzafoon, 2006). Most 
of Ca2+ signaling events take place through specialized receptors such as 
calmodulin or calcineurin (Konig et al., 2006). Other Vmem-transducing 
mechanisms include voltage-dependent changes of integrin conformation 
involving ERG1 channels (Arcangeli and Becchetti, 2006; Cherubini et al., 
2005). Recent evidence suggests that integrins can regulate ion channels 
and form macromolecular complexes, resulting in localization of channels 
onto plasma membrane microdomains. Such integrin-channel complexes 
regulate downstream signaling like tyrosine kinase and GTPase. Additional 
mechanisms that transduce bioelectrical signal into second-messenger 
cascades include modulation of the activity of voltage-sensitive small-
molecule transporters (e.g., the serotonin transporter and GJCs, which 
converts Vmem into the fl ux of specifi c chemical signals) (Levin et al., 
2006).

An exciting recent discovery involves voltage sensitive phosphatase, 
a phosphoinositide phosphatase that converts PI(3,4,5)P3 to PI(4,5)P2 in 
a manner regulated by a voltage sensor domain (Murata et al., 2005). The 
identifi cation of a protein able to transduce Vmem into all of the potential 
downstream pathways controlled by this powerful second-messenger 
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Figure 2. Interaction and integration of bioelectrical signals with biochemical and genetic 
pathways. Bioelectric signals include large scale signals like voltage gradients and electric 
fi elds, local signals via gap junction channels and cellular level signals via functional changes 
in ion channels and pumps. These bioelectric signals are perceived/received by the cells 
in terms of change in their Vmem, pH, specifi c ion fl ows, movement of charged biochemical 
signal. Intracellularly, these signals are transduced by voltage sensing signaling proteins, 
integrin based signals, specifi c ionic signals like that of Ca2+, Na+, and K+ and electrophoretic 
movement of intracellular signaling molecules like serotonin. These signals then impinge on 
gene expression changes For example SLUG/SOX10, PTEN, SIK, NF-kB, Notch. Importantly, 
these gene expression changes also include ion channel expression that results in establishment 
of strong feedback loops between the bioelectric signals and their subsequent gene expression 
changes. These transcription and translation signals can regulate cell behavior like mitosis, fate 
determination, differentiation, migration, etc. Thus bioelectric signals control cell maintenance, 
cell number, cell fate, and differentiation during physiological processes by employing the 
canonical biochemical and genetic pathways.
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system (Li et al., 2002) provides a plethora of testable hypothesis. No known 
voltage-regulated role for voltage sensitive phosphatase has been elucidated 
during patterning in vivo. Interestingly however, phosphatase PTEN is an 
integral regulator of stem cells. In planaria, knock-down of PTEN results in 
hyperproliferation of stem cells and signifi cantly impaired differentiation 
capacity (Oviedo et al., 2008b). Similar key regulatory roles of PTEN are 
demonstrated in hESC and mouse embryonic and adult neural stem cell’s 
growth and differentiation (Alva et al., 2011; Qu and Shi, 2009). A direct 
interaction between electrical signals and PTEN has also been shown (Zhao 
et al., 2006): inhibition of PTEN enhances electric fi eld-guided cell migration 
and wound healing, while inhibition of PI(3)K inhibits the effect of electric 
signals. Given the importance of phosphatase and bioelectric signals in 
regulating stem cell maintenance and differentiation, stem cells are a 
likely context in which to search for a functional role of voltage sensitive 
phosphatase as transducer of Vmem change. Modulation of PTEN signaling 
by the voltage-dependent activity of phosphatases (Zhao et al., 2006) 
would provide an extremely rich toolkit for physiological (non-genetic) 
manipulation of intracellular signaling and genetic control of stem cell 
maintenance and differentiation. These elements can be capitalized upon 
for the design of bioelectrical intervention in regenerative processes.

A very recent discovery in terms of long-distance cell-cell communication 
are the tunneling nanotubes (Chinnery et al., 2008; Onfelt et al., 2004; Rustom 
et al., 2004). These are F-actin membrane tubes up to 200 µm in diameter 
spanning several cell diameters in length. Tunneling nanotubes facilitate 
intercellular exchange of small molecules and organelles. Interestingly, a 
bidirectional Vmem sensitive bioelectric signal conductance through these 
tunneling nanotubes has been documented (Wang et al., 2010). GJC were 
found at both ends of nanotubes and were necessary for bioelectric signal as 
blocking GJC inhibits electrical coupling of the cells. In vivo migrating neural 
crest cells have been shown to be coupled by tunneling nanotubes (Teddy 
and Kulesa, 2004) and thus might play an important role in coordinating 
their migration and differentiation.

Overall, the mechanism of bioelectrical signal transduction has just 
begun to be understood. Although some mechanisms have been discovered 
over the past decade, much remains to be explored in this rich area of 
investigation. Fully capitalizing on bioelectric cues for the control of 
stem cell behavior will require identifying not only the upstream factors 
regulating ion channel and pump expression and function in stem cells, 
but also tracing the specifi c transduction mechanisms that each type of 
cell uses to convert signals mediated by Vmem change into transcriptional 
responses.
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BIOELECTRICAL CUES MEDIATE HOST CONTROL OF 
PATTERNING

Stem Cell Mediated Regeneration as an Information-
processing Problem

All cells in the body are immersed in physical, chemical, and electrical cues 
that make up a rich fi eld of information. These signals provide information 
about a cell’s position within the host and enable individual cell behaviors 
to be exquisitely orchestrated into the systems-level properties of organism 
pattern, including large-scale shape, orientation of organs, size control, 
anatomical polarity, etc. (Levin, 2011; Levin, 2012). Understanding and 
learning how to manipulate the morphology resulting from stem cell 
behavior is essential, if stem cell biology is to fulfi ll its full potential for 
regenerative medicine. Teratomas are tumors that form when embryonic 
stem cells differentiate into tissues but fail to establish large-scale 3D 
organization. Thus, beyond specifying individual cell types during stem cell 
differentiation, it is crucial to learn to coordinate their activity in producing 
the required biological pattern; bioelectrical signals are a powerful and now 
tractable set of control knobs for this purpose.

Bioelectric Cues in Stem Cell-driven Patterning

Ion-based physiological processes guide stem cell activity during complex 
pattern formation. Functional experiments have shown that some bioelectric 
events provide specific instructive signals regulating embryonic cell 
behavior during development and regenerative repair (Borgens, 1984; Jaffe 
and Nuccitelli, 1977). Vmem, voltage gradients (electric fi elds) through tissue 
and surrounding fl uids, iso-electric and iso-pH cell groups established by 
gap junctions (Fitzharris and Baltz, 2006), and fl uxes of individual ions, all 
carry information to the stem cell as well as to its neighbors, and in some 
cases, to distant locations (Figure 3). Roles for endogenous currents and 
fi elds were found in numerous systems, and in several cases, spatially 
instructive signaling was demonstrated (Dimmitt and Marsh, 1952; Marsh 
and Beams, 1947, 1952; Rose, 1972). 

Endogenous bioelectric and biochemical cues together co-ordinate 
stem cell behavior and pattern formation in vivo. In frogs, a small and 
sparse population of embryonic neural crest cells that expressed the 
glycine receptor Cl– channel were depolarized by manipulation of its 
activity (Blackiston et al., 2011). This resulted in a large embryonic stem cell 
population of neural crest that gives rise to melanocytes that overproliferate 
and acquire a neoplastic phenotype with inappropriate migration and 
colonization of numerous tissues (Blackiston et al., 2011; Morokuma et al., 
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2008). The Vmem signal was conveyed to the non-glycine receptor Cl– channel 
neural crest stem cells via extracellular serotonin. Similar depolarization-
mediated induction of neoplastic phenotype was also observed in human 
melanocyte cultures (Blackiston et al., 2011). Thus, bioelectric signals can 
divert normal functions of stem cell progeny in vivo and are an important 
factor for preventing, detecting, and perhaps normalizing some types of 
birth defects and cancer.

Planaria have incredible regenerative capacity due to the presence of 
high numbers of stem cells (neoblasts) (Oviedo et al., 2003; Reddien and 
Sanchez Alvarado, 2004). Bioelectric cues have been shown to be crucial 
for injury induced regenerative patterning from these stem cells (Beane et 
al., 2011). Depolarization by the activity of the H+K+-ATPase ion exchanger 

Figure 3. Bioelectric environment governing the direction of stem cell fate. Bioelectric signals 
help control which of the four main paths any stem cell takes: stay quiescent, proliferate and 
give rise to progenitor or precursor cells, differentiate into specifi c cell type, or generate a 
neoplastic cancer cell population. Cell-autonomous events (changes of transcription or gating 
of the stem cells channels and pumps) are largely encoded by changes in Vmem, and control 
proliferation/differentiation decisions. The non-cell autonomous signals like external electric 
fi elds generated by epithelia and GJC communication to nearby cells serve to coordinate stem 
cell activity with other cell populations in the host providing cues needed for control of cell 
number and type (such as positional information cues). Misregulation of either set of cues 
may be one source of cancer, in which normal proliferation and activity of stem cells is driven 
towards growth that lacks large-scale patterning information (tumors). 

Color image of this figure appears in the color plate section at the end of the book.
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is crucial for stem cell-mediated regenerative patterning of the nervous 
tissue (brain and eyes) and the head as a whole. Inhibition of H+K+-ATPase 
activity induced the formation of a non-head structure at an anterior-facing 
wound blastema, whereas depolarization via H+K+-ATPase independent 
means rescued regeneration. Similar observation has been made in the 
mouse cortex, where the polarizing activity of the V-ATPase H+ pump is 
essential for maintenance and differentiation of embryonic NSC (Lange et 
al., 2011). These data clearly demonstrate the role of Vmem mediated signals 
in dictating the anatomical pattern resulting from the activity of stem cells 
during regeneration.

The neural tube develops to become the brain and spinal cord. A very 
large voltage difference (up to 1,800 mV/mm) is measured across the 
neural tube in amphibians (McCaig et al., 2005; Shi and Borgens, 1994). The 
voltage gradient is largely due to transport of Na+ ions out of the lumen. 
This voltage gradient is crucial for proper differentiation and patterning 
of NSC (Borgens and Shi, 1995). The collapse of this voltage gradient 
(pharmacologically) causes major abnormalities in embryonic neuroblast 
differentiation and CNS development. Particularly interestingly is that the 
collapse of the voltage gradients disaggregates already induced structures 
without cell death (Borgens and Shi, 1995) resulting in just a mass of cells 
waiting for differentiation cues. Division and differentiation of NSC begins 
at the lumen of the neural tube where steepest bioelectric gradients are 
found. Moreover, the thinnest part of the neural tube (the fl oor plate) has the 
largest gradient across it and this provides dorso-ventral spatial patterning 
cues important for CNS development and neuronal differentiation (Wood 
and Willits, 2006; Wood and Willits, 2009). These data strongly suggest that 
bioelectric cues provide important patterning information to embryonic 
NSC towards CNS specifi cation.

Cell-autonomous and long-range signaling mechanisms, including 
electrophoretic transport of morphogens (Fukumoto et al., 2005), diffusible 
secondary messengers (Blackiston et al., 2011), GJC (Esser et al., 2006), and 
tunneling nanotubes (Wang et al., 2010), allow bioelectrical gradients to carry 
information in several different modes. For example, Vmem levels specify 
tissue and organ identity in stem cells, as seen in the ability of a specifi c Vmem 
range to drive entire cascade of eye formation and induce complete ectopic 
eyes (including organized retinal neurons) in embryonic cells at locations far 
away from the anterior neuroectoderm that is normally competent to make 
eye (Pai et al., 2012). These data underscore the importance of bioelectrical 
gradients in determining stem cell mediated tissue/organ specifi cation. 
Changes in Vmem and ion content may provide master-regulator-like triggers 
that initiate complete, highly orchestrated, and self limiting downstream 
patterning cascades to generate tissues from stem cells. Molecular and cell 
biology are now being applied to understanding the role of specifi c ion 
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transporter activity in control of adult stem cells and regenerative potential, 
and the switch between stem cell and neoplasia (Adams and Levin, 2006; 
Levin et al., 2002; Morokuma et al., 2008; Nogi and Levin, 2005; Oviedo and 
Levin, 2007b; Sundelacruz et al., 2008).

Mechanism of Modeling Stem Cell Patterning Information 
Coded by Bioelectric Signals

Currently, we lack a full understanding of the bioelectric signals that induce 
stem cell-mediated development and regeneration of tissues/organs to 
proper shape with respect to the target pattern of the organism. Because 
the activity of ion channels, pumps, and gap junctions are controlled 
post-translationally, the bioelectric signals they give rise to are largely 
undetectable by popular proteomic and mRNA profi ling strategies: cells 
with exactly the same complement of ion translocator mRNAs and proteins 
can be in very different physiological states. Hence, comprehensive 
physiomic techniques are needed to profi le bioelectrical signals. There 
is a lack of repository database of studies and experiments on bioelectric 
signals, linking physiological parameters to stem cell fate determination 
and the encoded target morphology. True control over stem cells in pattern 
formation will necessitate use of such repository database information to 
develop in silico predictive models showing how each signal guides stem 
cell fate decisions. This is required to help scientists and clinicians decide 
what signals to provide and when, to achieve the desired stem cell fate and 
organ patterning in vivo.

The mapping between bioelectrical signals and the respective stem 
cell outcomes remain to be discovered and complied into databases that 
can be quantitatively mined. One model predicts that stem cells similar 
in profi le (in terms of differentiation potential and plasticity) will cluster 
together in a multi-dimensional state space where each axis is defi ned by 
particular bioelectric, biochemical, and genetic parameter. Using genetic 
or pharmacological approaches, the cells could then be moved from their 
current state into a desired state (of differentiation). Such a model would 
go far towards a predictive control of stem cell behavior. However, this 
requires gathering of tremendous amount of physiomic profi ling data of 
different stem cells, their differentiation states and target tissues in various 
model systems (invertebrates like planaria to amphibians like xenopus and 
axolotl to mammals like rodents and ultimately humans). These would then 
have to be integrated into the current genetic profi ling and developmental 
database algorithms. The rewards of such intensive profi ling and database 
generating tasks would be enormous for developmental, biomedical, and 
regenerative medicine.
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BIOELECTRICITY AND CANCER STEM CELLS

Many cancers are clonal in origin and have been suggested to mainly 
develop from transformation of resident adult stem cells giving rise to 
cancer stem cells (Reya et al., 2001). Many commonalities have been 
found between adult stem cells and cancer stem cells, including endless 
proliferative potential, capacity to give rise to heterogeneous population of 
cells etc. Using this logic, and ignoring the role of instructive signals from 
the environment, one would make the prediction that higher regenerative 
capacity of an organism (access to stem-like cells) would lead to higher 
susceptibility to cancer. However, stem cell regeneration and cancer have a 
fascinating inverse relationship (Brockes, 1998; Pizzarello and Wolsky, 1966; 
Tsonis, 1987). Species such as newt and axolotl have remarkable regenerative 
capacity in certain tissues like tail, limbs, lens, and craniofacial tissues 
including some parts of brain and spinal cord (Brockes, 1998). Interestingly, 
these regenerating tissues also show high resistance to carcinogenesis (Del 
Rio-Tsonis et al., 1992; Donaldson and Mason, 1975). The regeneration 
process involves generation of stem-like cells (in the blastema) by 
de-differentiation or trans-differentiation upon injury or amputation (Ferretti 
and Brockes, 1988; Rieder and Hard, 1990). The fascinating observation is 
that exposure of these blastema stem-like cells to carcinogenic chemical 
and UV light results in induction of an extra organs limb or lens instead 
of a tumor (Breedis, 1952; Butler and Blum, 1955; Eguchi and Watanabe, 
1973). Similarly, if limb regeneration is initiated by cutting in the middle 
of a tumor, the tumor cells can be transformed into normal limb tissue 
(Rose and Wallingford, 1948). These data suggest that patterning signals 
during regeneration are able to control cell behavior even of genetically 
transformed cells.

Endogenous bioelectric signals provide important patterning 
information during development and regeneration. Involvement of 
bioelectric cues in normal patterning versus carcinogenesis is demonstrated 
in a series of experiments in frogs (Blackiston et al., 2011). In the embryonic 
stem cell population of neural crest cells there is a small subset of “instructor 
cells” (expressing glycine Cl– channel) that governs the generation and 
migration of melanocytes from the neural crest cells. Depolarizing the Vmem 
of these instructor cells by manipulating the glycine Cl–channel activity 
induces neoplastic characteristics in the melanocytes that overproliferate 
and migrate to colonize numerous tissues (Blackiston et al., 2011). Similar 
effect of depolarization mediated neoplastic like morphology was also 
observed in human melanocyte cultures (Blackiston et al., 2011). These set 
of data indicate that melanocytes, which are stem cell derivatives become 
cancerous not by genetic transformation of stem cells, but rather by change 
in the patterning signals.
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Alterations in Vmem and ion channel expression/function have been 
observed in a wide array of cancers (Kunzelmann, 2005). Cancer cells have 
been observed to be depolarized with respect to normal healthy tissue 
(Arcangeli et al., 1995; Binggeli and Weinstein, 1986; Pardo, 2004). A major 
difference between stem cells and cancer cells is the GJCs. Stem cells are 
coupled by GJC which creates a uniform bioelectric informational niche. 
Loss of GJC accompanies early steps in neoplastic transformation (Omori 
and Yamasaki, 1998; Pitts et al., 1988). Conversely, neoplastic characteristics 
can be suppressed by ectopic induction of GJC in tumor tissue (Hellmann 
et al., 1999; Mehta et al., 1991; Rose et al., 1993). This suggests a role of 
GJC in mediating the bioelectric information fl ow that is necessary for 
maintaining stem cells niche, which is lost in tumors (Pierce, 1983; Pierce 
et al., 1986; Rubin, 1985; Ruiz i Altaba et al., 2004). Hence, manipulation 
of bioelectric patterning cues could be used as plausible control points for 
cancer stem-cell normalization.

These set of data strongly support a patterning control of stem cells 
behavior (transformed and normal). Normalization or rebooting strategies 
(Ingber, 2008) that reconnect the cancer stem cells to the normal patterning 
signals of the host (Rose and Wallingford, 1948; Trosko et al., 2004; Yamasaki 
et al., 1995) like those found during embryonic environments are known to 
reverse the cancer phenotype (Hendrix et al., 2007; Mintz and Illmensee, 
1975). This strongly suggests tumors as manifestation of aberrant stem 
cell instructive information. Since bioelectric signals serve as a prominent 
patterning information carriers, they can now be used in such cancer 
normalizing strategies. Initial steps towards bioelectric control of cancers 
has already being successfully conducted (Kirson et al., 2007; Kirson et al., 
2009a; Kirson et al., 2009b; Stupp et al., 2010).

CONCLUSIONS AND FUTURE PERSPECTIVES

We have outlined exciting recent data implicating bioelectric signals such 
as resting potential (Vmem) in regulation of stem cell behavior (Figure 3). 
Although bioelectric signals’ involvement during embryonic development 
and wound repair has been documented for almost a century, recent 
technological advances in molecular physiology techniques have led 
to a reinvigoration of this important fi eld. While most of the data have 
been derived in differentiated tissues, studies increasingly implicate ion 
transporters and bioelectric parameters in stem cell biology. It is now 
clear that a variety of embryonic and adult neural and mesenchymal stem 
cell types are sensitive to internal and external endogenous bioelectrical 
events, and such ion-based signals are an important part of the stem cell 
niche communication. At the same time, many of the same questions are 
open for stem cells as for somatic cells. These include for example the 
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quantitative nature of the bioelectric code (mapping between voltage profi le 
and differentiation trajectory) and the importance of subcellular gradients 
(e.g., nuclear envelope potential).

Further development of even higher-resolution tools (optogenetics, 
better voltage dyes, etc.) will greatly advance this aspect of stem cell 
biology, revealing not only convenient “control knobs” for manipulation 
of stem cell behavior in biomedical or bioengineering contexts, but also 
identifying fascinating new pathways by means of which stem cell activity is 
coordinated into the system-level anatomical needs of the host organism. An 
analysis of published work in the fi eld (Figure 4) shows that ion channels are 
increasingly being implicated in studies of stem cells. Crucially, such work 
must not only study the genetic pathways (specifi c channels and pumps 
and their regulation during the stem cell life cycle) but truly understand 
the physiology of the system, since ion translocators and gap junctional 

Figure 4. Publications on ion channels and stem cells in the scientifi c literature. Data was 
taken from ISI Web of Knowledge. Over the last 3 decades the number of studies of ion 
channels in stem cell biology has risen dramatically. In addition to molecular genetics of specifi c 
channel genes expressed in stem cells, this work should be integrated into the bigger picture 
of bioelectrical signals (as distinct from whatever specifi c gene or protein implements a given 
physiological state) as regulators of cell behavior within the anatomy of the organism.
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connections can result in dynamical spatio-temporal changes of bioelectrical 
properties (self-organization and feedback behavior) among cell groups 
without changes of mRNA or protein. Interpreting data on ion channel 
expression or physiological parameters (voltage signatures of stem cell 
subpopulations for example) should be done in the context of bioelectricity 
as a patterning signal broadly relevant to morphogenesis. Understanding 
and learning to control such physiological networks, which are largely 
invisible to modern profi ling techniques focused on biochemical signals 
and transcriptional events, will be a crucial aspect of fully capitalizing on 
the promise of stem cell biology. This is likely to have transformative impact 
not only on regenerative medicine and developmental biology, but also on 
synthetic and cancer biology.
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