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Abstract

Positional information describes pre-patterns of morphogenetic substances that alter spatio-

temporal gene expression to instruct development of growth and form. A wealth of recent data 

indicate bioelectrical properties, such as the transmembrane potential (V mem), are involved as 

instructive signals in the spatiotemporal regulation of morphogenesis. However, the mechanistic 

relationships between V mem and molecular positional information are only beginning to be 

understood. Recent advances in computational modeling are assisting in the development of 

comprehensive frameworks for mechanistically understanding how endogenous bioelectricity can 

guide anatomy in a broad range of systems. V mem represents an extraordinarily strong electric 

field (~1.0 × 106 V/m) active over the thin expanse of the plasma membrane, with the capacity 

to influence a variety of downstream molecular signaling cascades. Moreover, in multicellular 

networks, intercellular coupling facilitated by gap junction channels may induce directed, 

electrodiffusive transport of charged molecules between cells of the network to generate new 

positional information patterning possibilities and characteristics. Given the demonstrated role 

of V mem in morphogenesis, here we review current understanding of how V mem can integrate with 

molecular regulatory networks to control single cell state, and the unique properties bioelectricity 

adds to transport phenomena in gap junction-coupled cell networks to facilitate self-assembly 

of morphogen gradients and other patterns. Understanding how V mem integrates with biochemical 

regulatory networks at the level of a single cell, and mechanisms through which V mem shapes 

molecular positional information in multicellular networks, are essential for a deep understanding 

of body plan control in development, regeneration and disease.

1. Introduction

A deep understanding of morphogenesis is essential for the identification and application 

of strategies that will mitigate birth defects and restore damaged and diseased tissues, 

organs, and anatomy in humans. Since its inception by early embryologists (Wolpert, 1969, 
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2011), morphogenesis has been routinely approached in terms of positional information: the 

hypothesis that a pattern of a morphogenetic substance (i.e. regulator of gene expression) 

or property (i.e. mechanical stress) serves to differentially alter gene expression in a field 

of cells, ultimately acting as an instructive signal to induce properly proportioned tissues 

and anatomical forms. Allen Turing theoretically demonstrated that chemical positional 

information patterns can be generated by regulatory relationships between diffusing 

chemical morphogens (Turing, 1952), thereby introducing the reaction-diffusion mechanism 

of positional information control (Kuttler, 2011; Green and Sharpe, 2015; Meinhardt, 2008; 

Meinhardt and Gierer, 2000). A striking example of reaction-diffusion control of positional 

information in morphogenesis is the emergent periodic pattern of Sox9 expression, which 

has been found to underly the specification of digit versus interdigit cell fates in the 

developing limb bud, and to be controlled by a Turing network comprised of interacting 

BMP, Sox9 and Wnt (Raspopovic et al., 2014). The roles of both temporally stable spatial 

morphogen gradients (Jaeger et al., 2012; Jansen et al., 2007; Lander and Petersen, 2016; 

McCusker and Gardiner, 2013; Nachtrab et al., 2013; Phan et al., 2015; Matsuo and Kimura-

Yoshida, 2014; Raspopovic et al., 2014; Anderson et al., 2012; Harris et al., 2005), as 

well as dynamic mechanisms involving genetic oscillators (Bajard et al., 2014; Cooke and 

Zeeman, 1976; Cotterell et al., 2015; Sheeba et al., 2014; Zhu et al., 2010; Ferjentsik et al., 

2009; Portes et al., 2015; Shimojo et al., 2016; Tsiairis and Aulehla, 2016; Uriu and Morelli, 

2014; Uriu, 2016), are becoming well-established mechanisms underpinning spatiotemporal 

control of genetic expression in morphogenesis.

A wealth of recent data indicate endogenous bioelectrical signals also play important 

functional roles in the spatiotemporal regulation of positional information in development, 

regeneration, and disease (Levin, 2014; Levin and Stevenson, 2012; McCaig et al., 2005; 

Nuccitelli, 2003; Borgens, 1982; Robinson and Messerli, 2003) (Fig. 1). Every living 

cell maintains an electrical potential energy difference across its plasma membrane, 

which represents an extraordinarily strong electric field (~1.0 × 106 V/m) active over the 

thin membrane (Wright, 2004) (Fig. 2). This transmembrane voltage difference (V mem) is 

ultimately generated and maintained by ATP-powered ion pumps such as the ubiquitous 

Na+,K+-ATPase enzyme, which use the chemical energy of ATP to move ions against 

transmembrane voltage and concentration gradients to generate both net charge density 

inside the cell (the origin of V mem) and electrochemical gradients of ions (Sachs, 1977; Noske 

et al., 2010; Brodie et al., 1987) (Fig. 2A and B). The electrochemical gradients generated 

by the Na+,K+-ATPase favor passive K+ movement out of cells (which increases the electro-

negativity of V mem, a change referred to as hyperpolarization) and passive movement of 

Na+ into cells, which decreases the electronegativity of V mem and is called depolarization 

(Wright, 2004). The passive transmembrane fluxes of ions are controlled by proteinaceous 

transmembrane ion channels, which are typically selective to a specific ion type and 

therefore modulate V mem in different ways (Fig. 2C and D). Feedbacks between V mem and 

ion flux are generated as V mem can alter the shape of transmembrane protein channels, thereby 

conferring voltage-sensitivity to their ion permeability (Pospischil et al., 2008). Ion channels 

can also be regulated chemically, which creates feedbacks between charged substances and 

a cell's V mem state (Pietak and Levin, 2017). Importantly, while past experimentation with 

bioelectrical signaling required work with electrodes and applied fields, the more recent 
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development of fluorescent, V mem-sensitive reporter dyes (Adams and Levin, 2012a; Baker 

et al., 2005; Loew, 2010; Oviedo et al., 2008; Adams and Levin, 2012b), and the ability 

to genetically introduce/manipulate expression of ion pumps and channels – including the 

emerging technology of optogenetics (light-activated channels and pumps) (Adams et al., 

2014; Jewhurst et al., 2014) — has greatly accelerated progress in understanding the many 

ways bioelectricity acts as an instructive signal in development and regeneration.

Bioelectricity acts, not only at the level of a single cell, but via intercellular interactions 

facilitated by gap junction channels, which enable exchange of electrical and chemical 

signals (Schilling et al., 2008; Rook et al., 1992; Revel et al., 1971; Giepmans, 2004; Cooper 

et al., 1989; Weber et al., 2004). Gap junctional communication has been identified as a 

key aspect in certain development and regeneration processes (Levin, 2007; Chernet et al., 

2015; Chanson et al., 2005; Oviedo and Levin, 2007; Mathews and Levin, 2016; Levin 

and Mercola, 1998; 1999a; 1999b). When coupled together by gap junctions, the voltage 

differences in the cytosol of each cell (which is equivalent to the V mem difference between the 

coupled cell membranes) creates a strong electric field (~1.0-50.0 × 104 V/m) across the gap 

junction channels (Fig. 2). This intercellular electrochemical coupling has been identified as 

a unique transport mechanism in gap junction-coupled cell networks (Cooper et al., 1989; 

Woodruff and Cole, 1997; Cole and Woodruff, 2000; Levin and Mercola, 1998; 1999a, 

1999b; Pietak and Levin, 2017), which as we will examine in detail here, may augment 

reaction-diffusion patterning mechanisms by introducing bioelectrically modulated transport 

and feedbacks.

Analogous to chemical positional information, bioelectrical patterns comprised of 

differential V mem values throughout cells of a tissue (Pai et al., 2015a, 2012a; Beane et al., 

2011; Krüger and Bohrmann, 2015; Vandenberg et al., 2011), and patterns of endogenous 

current flow (and corresponding electric fields) in tissues and organisms (Altizer et al., 

2001; Hotary and Robinson, 1994, 1992; Robinson, 1979,1983; Hotary and Robinson, 

1991; Nuccitelli, 2003; Jaffe, 1981), have been experimentally observed during development 

and regeneration. Moreover, as targeted manipulations of these patterns can generate 

severe birth defects, this supports the concept that bioelectricity serves functional roles in 

morphogenic regulation (Hotary and Robinson, 1994; Altizer et al., 2001; Pai et al., 2015a, 

2018) (Fig. 1). Pioneering work in this field has characterized the electrophysiological 

properties of Xenopus and chick embryos, including electrical potentials and endogenous 

currents associated with the blastopore and neural tube, demonstrating that manipulation 

of endogenous currents using microelectrodes was associated with severe developmental 

defects (Hotary and Robinson, 1991; 1994, 1992, 1990). Endogenous current flows in 

developing mouse and chick have also been implicated in normal limb development (Altizer 

et al., 2001).

The bioelectrical characteristics of Xenopus embryos were further studied using molecular 

techniques employing fluorescent reporter dyes to visualize V mem gradients, alongside genetic 

mis-expression of ion channels, to visualize and alter bioelectric cell states in a targeted 

manner (Pai et al., 2015a, b; 2012a, b; Vandenberg et al., 2011). In Xenopus neurula, 

beginning at approximately stage 12, a characteristic V mem hyperpolarization forms in cells 
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lining the neural tube prior to closure (Pai et al., 2015a) (Fig. 1A). This characteristic V mem

pattern in the neurula has been found to be essential for proper brain and eye development 

(Pai et al., 2015a, 2012a). Genetic mis-expression of specific ion channels allowed for 

precise manipulation of cell V mem to emphasize the instructive nature of the characteristic V mem

pattern. For example, the introduction of dominant-negative Kir6.1 channels (DNKir6.1), 

or the introduction of glycine gated chloride channels (GlyR, with ivermectin treatment to 

open the channels), were used as two very different manipulations to flatten (i.e. minimize 

the contrast of) the characteristic V mem pattern by depolarization (Pai et al., 2015a) (Fig. 

1A). Furthermore, the introduction of over-expressed Kv1.5 channels was used to flatten the 

contrast of the characteristic V mem pattern by hyperpolarization (Pai et al., 2015a) (Fig. 1A). 

Both depolarization- and hyperpolarization-flattening of the characteristic V mem pattern was 

found to induce severe brain and eye defects (Pai et al., 2015a) (Fig. 1A). Furthermore, 

induction of Notch overexpression (Notch ICE) was found to induce a depolarization-

flattening of the V mem pattern, along with brain and eye defects. Importantly, rescuing the 

characteristic V mem pattern was achievable by introducing overexpression of Kv1.5 channels 

to a depolarization-flattened scenario (including by the genetic Notch ICE manipulation). 

Remarkably, restoring the bioelectric pattern significantly reduced the number and severity 

of brain and eye defects (Pai et al., 2015a). In later work, depolarization-disruption of the 

characteristic bioelectric pattern in the neurula was achieved by nicotine treatment, which 

acts via both activation of acetylcholine receptors and by directly blocking K+ channels to 

generate depolarization-flattening of the characteristic V mem pattern of the neurula (Pai et 

al., 2018). Consistently, nicotine-treatment induced severe neural defects (Pai et al., 2018). 

The native V mem pattern was rescued by homogeneous expression of HCN2 channels, and 

HCN2 expression also mitigated neural defects, further emphasizing that the V mem pattern of 

the neurual is required for proper development. These results also provide insight into how 

teratogens such as nicotine may induce birth defects by altering bioelectric patterning (Pai et 

al., 2018).

Later Xenopus development is also associated with electrophysiological states (Hotary and 

Robinson, 1994), where patterns of V mem hyperpolarization have been observed in association 

with the developing face, including hyperpolarization preceding the formation of mouth and 

eyes (Vandenberg et al., 2011). Craniofacial hyperpolarization patterns were found to be 

mediated by the V-ATPase H+ pump, which when inhibited, resulted in craniofacial defects 

(Vandenberg et al., 2011). In a variety of species, craniofacial defects are also induced by 

Kir2.1 channel inhibition (Adams et al., 2016) (a chanelopathy known as Anderson-Tawil 

syndrome in humans), in a mechanism that may involve V mem regulation of BMP-related 

signaling (Dahal et al., 2017, 2012). In Xenopus eye developmental stage 22, spots of V mem

hyperpolarization develop, which were found to precede eye induction and the expression 

of genes controlling the eye placode (e.g. Pax6) (Pai et al., 2012a). Manipulation of the 

characteristic V mem patterns via channel mis-expression was found to generate ectopic eyes, 

including in regions such as the lateral mesoderm, which lays outside of the nervous system, 

and in which genetic manipulations such as Pax6 are unable to induce ectopic eyes (Pai et 

al., 2012a).
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In planarian flatworms (Dugesia japonica), a characteristic V mem pattern exists with 

depolarization at the anterior, and in the form an anteior-posterior gradient of V mem (Beane 

et al., 2011; Durant et al., 2017) (Fig. 1B). Manipulation of this characteristic V mem gradient 

using pharmacological treatments targeting ion channels and pumps during regeneration was 

found to alter regeneration outcomes, with depolarization being associated with two-headed 

(2H) regenerates (Fig. 1B), and hyperpolarization inducing loss of head regeneration (0H) 

(Beane et al., 2011). Moreover, depolarization of planaria fragments during regeneration 

appears to persist in regenerates, and is associated with persistent 2H regeneration long after 

the depolarizing pharmaceutical has been washed out of the tissue (Durant et al., 2017). 

Furthermore, manipulation of bioelectrical patterns by targeting the H+,K+-ATPase ion 

pump (which has been found to be depolarizing in planaria) were found to alter regenerated 

head shape (Beane et al., 2013; Emmons-Bell et al., 2015). Additionally, brief exposures to 

gap junction blockers such as octanol and heptanol during regeneration are able to induce 

a variety of multi-headed regeneration outcomes (Oviedo et al., 2010; Oviedo and Levin, 

2007), as well as to alter regenerated head shape (Emmons-Bell et al., 2015).

Bioelectrical positional information patterns may also play an instructive role in the early 

development of insects. In ovarian follicles of fruitfly (Drosophila melanogaster), cecropia 

moth (Hyalophora cecropia), and luna moth (Actias luna), a characteristic V mem pattern 

has been observed where the oocyte is depolarized with respect to the nurse cells (Jaffe 

and Woodruff, 1979; Woodruff and Cole, 1997; Cole and Woodruff, 2000; Krüger and 

Bohrmann, 2015) (Fig. 1C). Paralleling V mem patterns appearing in the development of other 

model organisms (described above), the V mem pattern of the ovarian follicle may be mediated 

by heterogeneous expression of H+ pumps (V-ATPase), which are concentrated in the nurse 

cell population (Bohrmann and Braun, 1999; Krüger and Bohrmann, 2015) . Evidence 

suggests that the endogenous V mem pattern of the ovarian follicle generates a strong electric 

field across intercellular connections between cells, leading to electrophoretic movement of 

charged molecules, and the appearance of emergent concentration gradients (Telfer et al., 

1981; Woodruff and Cole, 1997; Woodruff and Telfer, 1980; Cole and Woodruff, 2000). For 

example, soluble acidic (negatively charged) and basic (positively charged) proteins show 

correlation with the V mem pattern in the ovarian follicle, with more acidic proteins found in 

the oocyte and more basic proteins found in the nurse cells (Telfer et al., 1981; Woodruff and 

Cole, 1997; Woodruff and Telfer, 1980; Cole and Woodruff, 2000) (Fig. 1C).

Given the demonstrated roles of V mem in morphogenesis, it is apparent that a deep 

understanding of biological pattern formation in development, regeneration, and disease 

requires a solid comprehension of how bioelectrical signals such as V mem integrate with 

molecular signaling networks to control single cell state, and what unique properties 

bioelectricity adds to transport phenomena in gap junction-coupled cell networks to provide 

coordination and order at the organ level.

2. Bioelectricity from a molecular perspective

V mem and ion concentrations exist in inexorably interdependent relationships as V mem is 

generated by the concentration of ions inside and out of the cell, while ionic transmembrane 
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mass fluxes are in turn both influenced by V mem, and alter V mem state as they change 

concentrations. This interdependent relationship is important as it represents a primary 

functional link between V mem and molecular signaling. In order to facilitate study of 

bioelectrical signaling in development and regeneration, while preserving the interdependent 

relationships between V mem and molecular signaling, the BioElectrical Tissue Simulation 

Engine (BETSE) software platform has been developed (Pietak and Levin, 2016; 2017). 

In contrast and complement to more commonly used equivalent circuit descriptions of 

bioelectricity (Cervera et al., 2014, 2015; 2016a, 2016b; Pospischil et al., 2008; Chay 

and Keizer, 1983; Maciunas et al., 2016), BETSE utilizes a molecular perspective of 

bioelectric phenomena, which maintains the important relationship between cell V mem and ion 

concentrations (Pietak and Levin, 2017; 2016). Maintaining this relationship between V mem

and concentrations is important for the longer time scales over which somatic bioelectricity 

operates in development and regeneration (minutes to days), where V mem, ion pumps and 

transporters have the opportunity to generate significant changes in the electrochemical 

potentials of ions (as implicated by the example simulation of Fig. 3). BETSE software is 

open source and freely available from: https://gitlab.com/betse/betse

V mem ultimately arises from net surface charge density of ions across the plasma membrane, 

which behaves like a capacitor (Fig. 2), where mathematical details are outlined in the 

Appendix. Ion concentrations and net charge density inside the cell change as ion pumps/

transporters, ion channels, and gap junctions contribute components of transmembrane mass 

flux of an ion. Active fluxes of ion pumps and transporters can be described using chemical 

thermodynamics principles, where the activity of the pump or transporter is considered to be 

a reaction occurring across the membrane (as described in Pietak and Levin (2017)). Passive 

outward transmembrane ion flux through ion channels depends on the electrochemical 

gradient of the ion across the membrane and the permeability of the channel to the ion and 

can be described using the GHK-flux equation (Pietak and Levin, 2017; 2016). Dynamic 

voltage or chemical gating of ion channels can be simulated by modulating the channel's 

permeability to ions using Hill equations to describe concentration-dependent regulation by 

a gating ligand (as described further in Pietak and Levin (2017) and the Appendix), or full 

Hodgkin-Huxley differential equation formalism fit to experimentally-derived data curves 

(see Ranjan et al. (2011)).

In addition to transmembrane mass fluxes, some ionic molecules participate in chemical 

reactions (e.g. HCO3−, H+, and ATP4−), leading to changing cell concentrations. Moreover, 

molecular substances can regulate gene expression and other processes, which can be 

described using activator and inhibitor expressions based on Hill equations (Karlebach and 

Shamir, 2008; Pietak and Levin, 2017). Chemical reactions representing a mass conversion 

of network substances into other network substances can be incorporated in BETSE by 

using rate equations based on fundamental chemical concepts, as described in detail in 

Pietak and Levin (2017). Furthermore, production/decay relationships involving various 

regulatory relationships can also be defined in BETSE, thereby facilitating the construction 

of bioelectricity-integrated gene and reaction networks (Pietak and Levin, 2017).
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The change in concentration of a substance in time can be described as the net movement 

of the substance's flux across the membrane, where total flux takes into account all sources 

of ion flux in the system (see Appendix for details). Thus, a description of V mem can be 

approached from a perspective that maintains focus on the molecular origins of V mem and 

endogenous currents, in contrast to the more commonly used equivalent circuit model of 

bioelectricity (Cervera et al., 2016a, b; 2015; 2014; Pospischil et al., 2008).

It is worthwhile to emphasize the similarities and differences between the molecular 

and equivalent circuit perspectives of bioelectricity. The equivalent circuit model of 

bioelectricity treats the cell membrane as a capacitor and resistor in parallel, and updates 

V mem dynamically in terms of transmembrane currents, which in contrast to the molecular 

perspective defined above, are assumed to be driven by voltage sources specific to each ion 

(reversal potentials) in proportion to membrane ion conductances for an ion in a linearized 

description based on Ohm's law (Cervera et al., 2015, 2016b, 2016a, 2014). The equivalent 

circuit model of bioelectricity assumes ion concentrations inside and outside of the cell, and 

therefore the reversal potentials, to remain constant (see Appendix for details).

While the equivalent circuit formulation is an accurate and computationally lightweight 

method to determine V mem dynamics, especially for excitable cell systems that change over 

the course of milliseconds, allowing for dynamic updates to ion concentrations presents 

several advantages. A primary advantage of the molecular perspective is that it does not 

rely on fixed reversal potentials for ions. By evaluating dynamic changes in intra- and 

extra-cellular ion concentrations, which occur as a consequence of ion pump, transporter, 

channel, and gap junction channel activity, the molecular perspective used in BETSE can 

predict the potentially significant effects that these dynamic concentration changes will have 

on V mem (Fig. 3). As a simple example, it is well established that increasing extracellular 

K+ concentrations leads to depolarization (Avendano et al., 1990; Boatright et al., 1989); 

the dynamics of this phenomenon (which, from the equivalent circuit perspective occurs 

because of a change in the reversal potential of K+ ions) are naturally accounted for by the 

molecular bioelectricity model (Fig. 3 B, v). Moreover, by keeping track of concentrations, 

the more complex activity of ion pumps and transporters — many of which have been found 

to be important in development and regeneration pattering control (Adams et al., 2006; 

Adams, 2006; Aw et al., 2008; Beane et al., 2011; Bohrmann and Braun, 1999; Levin et al., 

2002; Vandenberg et al., 2011) — can be accounted for in terms of both V mem changes and 

interrelated pH and other molecular changes arising from pump/transporter flux (Fig. 3 B, C, 

D). Finally, the expected V mem dynamics with channel activity are still accurately and robustly 

calculated by the molecular perspective of bioelectricity, which in steady-state shows close 

correspondence with V mem predictions of the Goldman Equation (Fig. 3) (Pietak and Levin, 

2016) .

In summary, by estimating spatiotemporal changes to ion concentrations in relation to 

V mem, and by describing V mem in terms of the resulting mass fluxes of ion concentration, 

the molecular perspective of bioelectricity closely integrates bioelectrical states with cell 

biochemistry. This is especially important for bioelectrical activity in development and 

regeneration patterning processes, which may involve long time scales (minutes to hours) 
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over which V mem and ion concentrations (and therefore reversal potentials for ions) are subject 

to change.

3. Bioelectricity: a key control system of the cell

3.1. Interdependent relationships between Vmem and molecular signaling cascades

Bioelectric phenomena encompass a complex set of interrelated phenomena, including the 

electrical potential energy gradient represented by V mem; ion channel, pump and transporter 

dynamics; and instructive correlations between downstream signaling regimes including pH, 

metabolism, calcium and neurotransmitter signaling. A deep understanding of the dynamics 

of bioelectrical control systems and their relationships with molecular signaling cascades at 

the level of a single cell is a necessary first step to begin comprehending pattern formation in 

multicellular tissues (Pietak and Levin, 2017).

To demonstrate the interrelations between V mem and other downstream factors, an example of 

a (relatively simple) bioelectrical system with links to pH and metabolism is detailed in Fig. 

3. This example bioelectrical system was simulated in BETSE, and examined the effect of 

a series of ion channel and pump manipulations on V mem, intracellular pH, and the metabolic 

state of the cell as represented by the energy charge, χ (Atkinson and Walton, 1967) (Fig. 3, 

i, through iv). The example simulation includes an active Na+,K+-ATPase pump, an inactive 

H+,K+-ATPase pump, an open K+ leak channel such as KCNK9 (Talley and Bayliss, 2002; 

Talley et al., 2003)), a closed Na+ leak channel such as ENaC (Chifflet and Hernandez, 

2016; Bhalla and Hallows, 2008)), and the ions Na+, K+, Cl−, H+, HCO3−, as well as the 

substances ATP and ADP (assumed for this example to be uncharged), and dissolved CO2 as 

H2CO3. A chemical reaction describing the reversible bicarbonate buffer was also included, 

where:

H2CO3 H+ + HCO3
−

ΔG = 36.2kJ/mol (1)

The bicarbonate buffer was handled in the simulation using the chemical reaction formalism 

detailed elsewhere (Pietak and Levin, 2017) .

Additionally, an extremely simple reaction describing metabolism was included, which was 

assumed to be an irreversible reaction with:

ADP ATP + H2CO3 (2)

The energy charge of the cell (χ, representative of the cell's metabolic status) was calculated 

according to (Atkinson and Walton, 1967):

χ =
[ATP] + 1

2 [ADP]
[ATP] + [ADP] + [AMP] (3)
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Where AMP concentrations were estimated assuming activity of the adenylate cyclase 

enzyme, where (Özer and Scheit, 1978):

[AMP] = [ADP]2

[ATP] (4)

The simulation examined the effects of blocking K+ leak channels (Fig. 3 i), opening 

Na+ leak channels (Fig. 3 ii), blocking Na+,K+-ATPase pumps (Fig. 3 iii), activating H+,K+-

ATPase pumps (Fig. 3 iv), and increasing extracellular K+ levels (Fig. 3 v), each as 10 min 

interventions, separated by 20 min. The effects on V mem , pH and χ are shown in Fig. 3 B 

through D. Each intervention alters, not only V mem (Fig. 3 B), but through the inexorable 

links between V mem and ion concentrations, multiple factors are altered including the reversal 

potentials for K+ and Na+ (Fig. 3 B), pH in the cell (Fig. 3 C), and the energy charge 

(metabolic status) of the cell (Fig. 3 D). Note that all interventions show expected behavior 

(as can be deduced by inspection of the relationships in Fig. 3 A): blocking K+ leak channels 

(which is known to occur under hypoxic conditions as these channels are oxygen-sensitive 

(Talley et al., 2003; Patel and Honore, 2001; Tang et al., 2004)) depolarizes V mem, and is 

also indicated to increase both cytosolic pH and the energy charge of the cell — both 

favourable changes for a cell responding to hypoxia. These downstream effects on pH and 

χ would alleviate metabolic stress induced by hypoxia, and occur as the Na+,K+-ATPase 

pump does not work as hard due to lack of K+ efflux from the cell, and consequentially 

consumes less ATP, leading to lower metabolic load. In contrast, opening Na+ leak channels 

(such as ENaC) also depolarizes V mem, but leads to significant drops in cell pH and energy 

charge, as increased cytosolic Na+ is stimulating to the H+,K+-ATPase pump, and leads to 

increased ATP consumption and increased metabolic rate (Pellerin and Magistretti, 1996). 

Consistently, blocking the Na+,K+-ATPase pump leads to slight V mem depolarization and 

significant increases in cell pH and energy charge as the pump is not consuming ATP 

(Fig. 3 iii). Activating an H+,K+-ATPase pump has a minimal effect on V mem due to the 

electroneutral nature of the pump, but significantly increases cell pH via proton efflux, 

while decreasing energy charge due to increased ATP hydrolysis to run the pump (Fig. 3 

iv). Finally, increasing extracellular K+ minimizes the electrochemical gradient supporting 

passive K+ efflux from K+ leak channels, leading to depolarization of V mem; this is a well 

known mechanism to depolarize cells (Avendano et al., 1990; Boatright et al., 1989) and 

has similar effects to blocking K+ leak channels ((Avendano et al., 1990; Boatright et al., 

1989) v). This relatively simple bioelectrical system simulation illustrates the interrelations 

between bioelectric phenomena and other molecular systems of the cell, including pH and 

metabolism, where Ca2+ and neurotransmitter signaling are other important downstream 

targets of bioelectrical signaling (Pietak and Levin, 2017).

3.2. Vmem as a functionally-integrated transducer in a multitude of molecular signaling 
systems

V mem; the bioelectric toolkit of transmembrane channels, pumps, transporters; and 

downstream secondary messenger cascades confer an exceptional degree of control over 

individual cell states. Two key benefits of bioelectrical signaling are rapid changes (V mem can 
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change on the order of 1.0 ms), and the robustness of bioelectric signaling, as V mem dynamics 

are associated with steady and cyclic attractors which maintain reproducibility and stability 

in bioelectrical signaling (Pietak and Levin, 2016). The stability of V mem makes it well-suited 

as a control parameter or “master regulator” for downstream cell signaling and states (Pietak 

and Levin, 2016). Basic factors such as ion pump type and rate, membrane permeability 

profiles, and extracellular concentration profiles ultimately establish a stable attractor state 

of V mem (the “resting” V mem), to which the system robustly returns after perturbation (Pietak 

and Levin, 2016; Taylor, 2010) (for the example simulation in Fig. 3, the resting V mem is −60 

mV, to which V mem consistently returns after each perturbation). For this reason, V mem is a 

suitable control parameter, not only for excitable cells of the brain, heart, skeletal muscle, 

and smooth muscle like the intestinal system, but also for emerging roles in development 

and regeneration.

At the level of a single cell, bioelectricity represents a robust complex dynamic system 

where V mem can be seen as both a sensor of various signals and as an actuator of downstream 

changes to molecular signaling cascades and gene expression. V mem is able to interface with 

molecular signaling through a variety of mechanisms. At the simplest level, V mem controls 

transmembrane flux of ions via ion channels, but also via voltage sensitive transporters such 

as the divalent metal transporter DMT1 (Mackenzie et al., 2006; Skjørringe et al., 2015), the 

organic cation transporter OCT3 (Kekuda et al., 1998), and the dopamine transporter DAT 

(Torres et al., 2003; Lin et al., 2011). By altering steady-state concentration of substances 

inside cells, the state of signaling regulatory networks can be set in relation to the V mem state 

of a cell (Pietak and Levin, 2017).

As a sensor, V mem allows a cell to rapidly sense and respond to external and internal stimuli 

such as metabolic state (e.g. via depolarizing ATP-sensitive K+ channels used to sense 

metabolic state in the pancreas and induce insulin secretion (Bertram et al., 2010; Fridlyand 

et al., 2010)), oxygenation (via oxygen-sensitive K+ leak channels that depolarize with 

hypoxia (Patel and Honore, 2001; Tang et al., 2004)), extracellular pH (e.g. via H+ sensitive 

K+ leak channels that depolarize under acidic conditions (Ma et al., 2012)), osmotic and 

mechanical pressure (e.g. via transient receptor potential ion channels that depolarize with 

pressure/cell stretching (Liedtke et al., 2000; Martinac, 2004; Rosenbaum and Simon, 2007; 

Sachs, 2010)), light (via light-sensitive ion channels such as rhodopsin, which depolarize 

with light intensity), temperature (via transient receptor ion channels that depolarize with 

hot or cold temperature), and injury (e.g. via ATP release and extracellular-ATP gated ion 

channels such as P2X, which depolarize with elevated extracellular ATP released from 

wounded cells (Block and Klarlund, 2008; Vliet and Bove, 2011)).

As an actuator, V mem can directly regulate the level of cytosolic Ca2+ (e.g. via an extensive 

variety of V mem-sensitive Ca2+ channels), extracellular levels of neurotransmitters (e.g. via 

Vmem-sensitive reuptake transporters such as OCT3, SERT, and DAT, which alter or 

even reverse the direction of tranmembrane flux of neurotransmitters), regulate levels of 

reversible epigenetic markings (e.g. by altering the transmembrane flux of endogenous 

histone deacetylase (HDAC) inhibitor molecules, such as pyruvate and butyrate, via 

V mem-sensitive sodium monocarboxylate transporter SMCT1 (Thangaraju et al., 2009a, 
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2009b; Miyauchi et al., 2004, 2006) ), and bioelectrical signals can be transduced to 

mechanical ones (e.g. via proteins such as Prestin which convert voltage changes into 

mechanical force at the membrane (Zhang et al., 2007)). By coupling channel state to 

other signaling proteins in the membrane, V mem can also activate sophisticated downstream 

pathways such as cell proliferation (Sundelacruz et al., 2008, 2009).

Thus, as a robust parameter and signal transducer with a multitude of means to influence 

and interrelate with molecular signaling pathways and networks, V mem has a clear place 

as a node in molecular signaling networks, and evidence indicates integration of V mem is 

required for a deep understanding of molecular signaling cascades. For this reason, the 

Bioelectricity-Integrated Gene and Reaction (BIGR) network concept has been introduced 

and developed, and can be studied using BETSE software (Pietak and Levin, 2017).

Feedback relationships between molecular signaling and V mem states confer additional 

functionality to V mem’s role in a regulatory network, allowing for properties such as bistability 

(state switching), homeostasis (goal seeking), and oscillation (timing; cell clocks) (Pietak 

and Levin, 2017; Cervera et al., 2014, 2016a; Law and Levin, 2015). Importantly, as V mem

is tightly integrated with molecular signaling, this means V mem-mediated cell state switches, 

homeostats, and oscillators may be functionally-integrated with gene expression (Pietak and 

Levin, 2017).

Understanding aspects of the bioelectrical control system at the level of a single cell 

is important, but in order to develop a deeper understanding of bioelectrical control of 

positional information the next step is to understand how might V mem and its functionally-

integrated relationships can be implemented in multicellular collectives to drive long-range 

order.

4. Electrodiffusion-based patterning mechanisms in gap junction-coupled 

somatic cell networks

In a network comprised of gap junction-coupled somatic cells with different V mem values, gap 

junctions may play instrumental roles in patterning by both modulating V mem values of the 

cell collective, and by enabling directed transport of charged substances.

By producing currents between cells, the V mem state of gap junction-coupled cells can be 

highly modulated in proportion to gap junction state. Using a feedback loop between V mem

and gene expression, simulations have shown that the gap junction modulation of V mem can 

alter cell fate in multicellular domains in proportion to gap junction conductivity (Cervera et 

al., 2016b).

Gap junctions may also facilitate directed electrodiffusive transport between coupled cells 

with different V mem states. Electric fields exert mechanical forces on charged matter, and 

are defined in relation to a voltage gradient; therefore, a V mem difference between two gap 

junction-coupled cell membranes represents an electric force field between the cytoplasm 
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of both cells with the ability to draw charged substances across the gap junction channel in 

relation to the transjunctional field (see Appendix for details).

Charged and gap junction permeable (<1 kDa in size) substances that are important in 

cell signaling cascades include spermine3+ (and other polyamines) (Desforges et al., 2013; 

Hamon et al., 2016; Watanabe et al., 2012), Ca2+(Schumacher et al., 2012; Jørgensen et 

al., 1997; Haughey and Mattson, 2003), ATP4−(Kanaporis et al., 2011), IP33−(Leybaert 

and Sanderson, 2012; Balaji et al., 2017), and serotonin+(Esser et al., 2006), among others 

(Weber et al., 2004; Veenstra et al., 1995; Beblo and Veenstra, 1997; Beblo et al., 1995; 

Veenstra, 1996), including short RNAin− (Valiunas et al., 2005).

4.1. Gating-electrodiffusion: a bioelectrically-mediated patterning mechanism

A variety of charged, gap junction permeable, molecular substances may travel by 

electrodiffusion in V mem gradients between cells, while also regulating ion channel state, 

thereby establishing spatial feedbacks, which if self-reinforcing, produce correlated spatial 

patterns of V mem and gating ion concentration (Pietak and Levin, 2017). Charged and gap 

junction permeable substances that also regulate ion channel state include polyamines 

such as spermine3+, which block K+ channels and voltage-gated Na+ and Ca2+ channels 

(Cino and Formenti, 2008; Fleidervish et al., 2008; Haghighi and Cooper, 1998; Huang 

and Moczydlowski, 2001; Kurata et al., 2006; Makary et al., 2005; Yan et al., 2005); 

intracellular Ca2+, which gates calcium-sensitive K+ and Cl− channels (Hallworth et al., 

2003; Perez-Cornejo and Arreola, 2004; Boton et al., 1989; Gomez-Hernandez et al., 

1997; Isoldi et al., 2004); cAMP1− which regulates K+ and Cl− channels (Anderson 

and Welsh, 1991; Berrera et al., 2006; Blumenthal and Kaczmarek, 1992; Bolton et al., 

2006; Do et al., 2004); and ATP4−, which regulates the state of K+ channels (Ashcroft, 

2005; Aw et al., 2010; Dzeja and Terzic, 1998; Sim et al., 2002). The electrodiffusive 

movement of molecules between cells in V mem gradients creates organism-wide correlations 

between V mem and potentially important signaling molecules, with self-reinforcing feedbacks 

demonstrating capacity to produce a range of pattern types, some of which are reminiscent 

of the spots and stripes of Turing patterns (Pietak and Levin, 2017) (Fig. 4). The potential 

for self-reinforcing spatial feedbacks in a system of gap junction-coupled cells represents a 

new bioelectrically-controlled, “gating-electrodiffusion” patterning mechanism, which may 

serve as an alternative patterning strategy to standard reaction-diffusion systems.

An example of the categorically different patterns that can be generated by a simple gating-

electrodiffusion mechanism is presented in Fig. 4. A single gap junction permeable anion 

inhibits a K+ leak channel, leading to a self-reinforcing spatial feedback through the gap 

junction-coupled cell network as the anion is drawn into cells with the most depolarization, 

and results in more depolarization as it inhibits K+ leak channels (Fig. 4 A). The appendix 

supplies mathematical details of this simple gating-electrodiffusion model involving a single 

K+ leak channel inhibited by an anionic, gap junction permeable gating ligand.

A variety of different multicellular V mem patterns, and correlated anion concentrations, are 

predicted results from simulations with differences in channel gating properties and anion 

charge (Fig. 4C-E), and reflect similar results to those previously exhibited (Pietak and 
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Levin, 2017). A low anion charge of zAnion = − 1, with K+ leak channel Hill gating 

constants of Km = 0.2 and n = 1.0 (see Appendix for details) produces smooth, stable V mem and 

anion concentration gradients (Fig. 4E). In contrast, increasing anion charge to zAnion = − 3, 

with steeper Hill gating constants for the K+ leak channel of Km = 0.2 and n = 3.0 produces 

a stable stripe and spot pattern, reminiscent of Turing patterns from reaction-diffusion 

mechanisms (Fig. 4C). An anion charge of zAnion = − 4 and channel Hill gating constants 

of Km = 0.2 and n = 3.0, with a fixed small gradient of V mem along the long axis of the 

elliptical model, produces a spatiotemporal pattern consisting of V mem depolarization spots 

and correlated anion concentration that persistently travel along the long axis of the elliptical 

model (Fig. 4D).

4.2. Gating-electrodiffusion and scale-free morphogen gradients

The planarian flatworm is routinely used as a model organism to study regeneration, on 

account of its remarkable ability to regenerate (Lobo et al., 2012; Sanchez Alvarado and 

Newmark, 1998; Sanchez Alvarado, 2007; Sater, 2011; Gentile et al., 2011; Durant et al., 

2016). Following cutting, each fragment regenerates with the anatomical polarity of the 

original worm, including the reformation of a brain and eye-spots (Fig. 5A).

Positional information is known to play a role in body plan control in planaria regeneration, 

where gene product gradients are well known to exist in both homeostasis and regenerating 

fragments (Adell et al., 2010; Almuedo-Castillo et al., 2012) (Fig. 5A). Both whole planaria 

in homeostasis, and a planarian fragment ~15 h after amputation, exhibit stronger Wnt1, 

Wnt11, and β-Catenin expression at the posterior (Owlarn and Bartscherer, 2016), and 

conversely, enhanced Notum (Owlarn and Bartscherer, 2016; Petersen and Reddien, 2011) 

and ERK (Agata et al., 2014) signaling at the anterior. Furthermore, Wnt1 was found to 

be primarily expressed at the posterior edges of wounds (and Notum at the anterior edges) 

(Petersen and Reddien, 2011) (Fig. 5A). Gradients in ERK signaling are known to be formed 

as canonical Wnt/β-Catenin signaling inhibits ERK (Agata et al., 2014), and therefore head 

induction.

While canonical Wnt/β-Catenin positional information gradients are strongly implied in 

inhibiting regeneration of head at anterior-facing wounds (Gurley et al., 2008; Owlarn and 

Bartscherer, 2016), it is difficult to account for the development of two profoundly different 

concentration levels on either side of a single bisection using traditional reaction-diffusion 

mechanisms (Fig. 5). This is primarily because the patterning outcomes of reaction-diffusion 

mechanisms are strongly dependent on system size, such that a model with a particular 

form and parameters will exhibit profoundly different patterns depending on the system size 

(Werner et al., 2015). For instance, using an adaption of a well-known Turing mechanism 

involving the concentration of two substances, [A] and [B], where [A] is an activator of [B]
expression which is active over a short spatial range, and [B] is a long-range acting inhibitor 

of [A] expression (see Appendix for mathematical details), a gradient may develop on a 

small model, but the pattern changes to spots when the tissue size is increased by a factor of 

three (Fig. 5B and (Werner et al., 2015)). Therefore, while several reaction-diffusion models 

have been developed to account for the formation of morphogen gradients in planaria (Lobo 

and Levin, 2015; Stückemann et al., 2017; Meinhardt, 2009; Scimone et al., 2016), these 
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models should be tested for their dependence on size scale, and their ability to regenerate 

polar gradients in a range of variable sizes.

To address the scale-dependence of classical reaction-diffusion models, Werner et al. have 

developed an elegant scale-free reaction-diffusion model capable of emergent gradient 

formation and reformation in a one-dimensional system (Fig. 5C and (Werner et al., 2015)). 

The model of Werner et al. (2015) involves the dynamics of three morphogens: a short-range 

activator [A], a long-range inhibitor [B], and an “extender” substance [E] which enhances 

degradation of both [A] and [B] to create a self-scaling gradient system (see Appendix for 

details and the original material reported by Werner et al. (2015)). Using the Werner model 

we have found that while the model works well in 1D, in 2D the scale-free reaction-diffusion 

model produces non-realistic gradients in cut fragments (Fig. 5C). Additionally, while the 

model does produce emergent gradients in long ellipses of all size scales we investigated, the 

absolute magnitudes of concentrations in the gradients are highly dependent on the size of 

the model, which presents difficulties for downstream biological signaling where consistent 

concentration magnitudes are required (Fig. 5C).

In contrast, gradients produced by a gating-electrodiffusion mechanism are stable, virtually 

independent of size scale, and reach similar steady-state values that are ideal for gene 

regulation (Fig. 6) (Pietak and Levin, 2017). Using the same gating-electrodiffusion 

mechanism described in Section 4.1 and the Appendix (a single gap junction permeable 

anion that engages in self-reinforcing spatial feedback by inhibiting K+ leak channels), a 

smooth, stable gradient of V mem and anion concentration was generated with a fixed small 

gradient of V mem (~10 mV) along the long axis of the elliptical mode, anion charge of 

zAnion = − 1 and with K+ leak channel Hill gating constants of Km = 0.2 and n = 1.0 (see 

Appendix for mathematical details). Emergent V mem gradients produced on three different 

model sizes spontaneously arise with gradient polarity and absolute magnitudes that are 

virtually independent of model size (Fig. 6A). In this example toy model of planaria 

regeneration, the electrodiffusing anion also inhibited canonical Wnt signaling, which may 

occur through such mechanisms as ATP4− inhibition of canonical Wnt signaling via the 

chromatin remodeling and transcription factor CHD8 (Nishiyama et al., 2012; Thompson 

et al., 2008). Consistent with known RNAi experiments, in the model, canonical Wnt/

β-Catenin inhibited ERK signaling (Agata et al., 2014) to define opposing Wnt and ERK 

signaling gradients consistent with head and tail anatomical domains in both whole worms 

of diverse size and multiple cut fragments of diverse size, with the simulated ERK gradient 

shown in Fig. 6 C. Note that the concept of a large, negatively charged substance that 

electrodiffuses in the extracellular region was first proposed by Lange and Steel (Lange and 

Steele, 1978; Steele and Lange, 1977).

4.3. Evidence for electrodiffusive gap junction transport

Electrophoretic transfer of small molecules between gap junction-connected cells with 

variable V mem between the cells has been hypothesized to underly establishment of left-

right asymmetry in Xenopus, where a V mem difference between blastomeres (established by 

heterogeneously localized V-ATPase pumps) has been proposed to lead to electrophoretic 

movement of serotonin+ (5HT+) in the intercellular V mem gradient (Levin and Mercola, 
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1998; 1999a, 1999b; Levin, 2003; Levin et al., 2006). Similarly, in insect ovarian follicles 

(fruitfly, cecropia moth and luna moth), electrophoretic movement of charged ions and 

molecules has been identified as a significant patterning mechanism for a network of cells 

coupled by intercellular channels, where patterns of soluble acidic (negatively charged) 

and basic (positively charged) proteins are correlated with the V mem pattern in the ovarian 

follicle (Telfer et al., 1981; Woodruff and Cole, 1997; Woodruff and Telfer, 1980; Jaffe 

and Woodruff, 1979; Cole and Woodruff, 2000) (Fig. 1C). Using the patch clamp technique 

to maintain a V mem difference between two gap junction-connected cells, electrophoretic 

transfer of charged fluorescent dyes such as Lucifer Yellow (z = 2−) has been demonstrated 

(Kanaporis et al., 2011). Additionally, the application of external electric fields has been 

shown to induce an electric field in the cytoplasm of gap junction-coupled cells, which 

was found to reorganize charged, gap junction permeable molecules consistent with the 

internal electric field polarity (Cooper et al., 1989). However, while there is solid evidence 

that gap junctions enable diffusive transport of molecules between coupled cells (Guthrie 

et al., 1988; Olesen et al., 2012; Hanani, 2012; Burke et al., 2014; Bahima et al., 2006; 

Levin and Mercola, 1999a, b), and that gap junctions are able to propagate electrical signals 

(via V mem depolarization activation of NaV channels) and calcium waves (via intercellular 

diffusion of IP3) (Balaji et al., 2017; Boitano et al., 1992), evidence that charged molecules 

move electrodiffusively in intercellular V mem gradients, to spontaneously form concentration 

gradients in relation to V mem, requires further assessment (Bohrmann and Gutzeit, 1987; 

Landesman et al., 2000). A simple experiment involving microinjection of gap junction 

permeable (but plasma membrane impermeable) dyes (such as Lucifer Yellow) into one-cell 

Xenopus embryos, with visualization of both the charged gap junction tracer dye and a V mem

reporter dye (Adams and Levin, 2012b) at the 8 and 16 cell stages, would help support 

the plausibility of significant electrodiffusive transport in gap junction-connected cells. A 

non gap-junction permeable dye would also be injected at the one-cell stage as a control. 

A supportive result from the test experiment would show anionic dyes concentrating in 

the most depolarized cell of the embryo (and depleted from the most hyperpolarized), and 

cationic cells concentrating in the most hyperpolarized cell (and depleted from the most 

depolarized).

5. Conclusions

The interplay between electrical and chemical signaling represents a versatile and powerful 

system for coordinating cell activity toward long-range order. Unsurprisingly, evolution 

discovered how to exploit these dynamics for morphogenesis from the single cell (Jaffe 

et al., 1974) to whole organism (Sullivan et al., 2016) levels. Recent conceptual and 

computational advances indicate a variety of ways that bioelectrical properties such as 

V mem can act as instructive signals in positional information control during morphogenesis 

and regeneration. Indeed, such biophysical systems are an ideal way to amplify 

individual cell processes, such as symmetry breaking, toward the remarkable large-scale 

pattern homeostasis observed in regulative development and regeneration (Levin, 2006). 

Additionally, while electrophoretic transport through gap junctions may be a key mediator 

of bioelectrical signaling, recent works have shown that morphogen gradients are shaped 

by other forms of unique morphogen transport, such as specialized cell protrusions called 
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cytonemes (Kornberg and Roy, 2014; Kornberg, 2017; Fairchild and Barna, 2014; Sanders 

et al., 2013). Further work will investigate how bioelectrical forces and electrophysiological 

properties may influence these unique forms of intercellular communication. The next 

steps in the exciting emerging field of developmental bioelectricity involve developing 

quantitative, biorealistic, fully-spatialized models of morphogenesis and pattern regulation 

that combine genetic, bioelectrics, and physical forces. The recent development of 

theoretical models incorporating bioelectricity (Cervera et al., 2016a, 2015; Pietak and 

Levin, 2017; 2016) facilitate the application of these ideas towards the understanding of the 

origins of multicellularity, the evolution of body-plans, human channelopathies that manifest 

as birth defects (Levin, 2014, 2012a; 2012b), and increased control over growth and form for 

synthetic morphology (Doursat and Sánchez, 2014).
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Appendix

Mathematical details of bioelectricity from a molecular perspective

V mem can be described as a capacitor that holds a surface charge, ρs (Fig. 2):

V mem = 1
Cmem

ρs (5)

Where ρs is the surface charge (in units C/m2), and Cmem is the patch capacitance of the 

membrane (~ 0.01 F/m2 (Liang et al., 2017) ).

In turn, ρs can be expressed as the sum of ion concentrations inside the cell (ci) multiplied by 

their charge (zi), Faraday's constant (F = 96,845 F/mol), and the ratio of cell volume (vcell) to 

cell surface area (Acell):

ρs = i∑ciziF vcell

Acell
(6)

Note that net charge in the cell exists in condensed layers at the membrane interior and 

exterior due to electrical charge screening considerations in the conductive electrolyte, 

which leave the bulk electrolyte with zero net charge (Bazant et al., 2004; Philpott and 

Glosli, 1995).
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Ion concentrations and net charge density inside the cell change as ion pumps/transporters 

(ϕpump
i ), ion channels (ϕcℎannel

i ), and gap junctions (ϕgi
i ) contribute components of transmembrane 

mass flux of an ion i (ϕtot
i ):

ϕtot
i = ϕpump

i + ϕcℎannel
i + ϕgj

i
(7)

Active fluxes of ion pumps and transporters (ϕpump
i ) can be described using chemical 

thermodynamics principles, where the activity of the pump or transporter is considered to be 

a reaction occurring across the membrane (as described in Pietak and Levin (2017)).

Passive outward transmembrane ion flux of an ion i via an ion channel (ϕcℎannel
i ) depend on the 

electrochemical gradient of the ion across the membrane and the permeability of the channel 

to the ion P cℎannel
i  and can be described using the GHK-flux equation (Pietak and Levin, 2017; 

2016):

Φcℎannel
i = − zi V mem F P cℎannel

i

R T
ccell

i − cenv
i exp − ziV memF

RT

1 − exp − ziV memF
RT

(8)

Dynamic voltage or chemical gating of ion channels can be simulated by modulating P cℎannel
i

using Hill equations to describe concentration-dependent regulation by a gating ligand (as 

described further in Pietak and Levin (2017)), or full Hodgkin-Huxley differential equation 

formalism fit to experimentally-derived data curves (see Ranjan et al. (2011)).

Note that in the limit of zero V mem or zero charge zi, the GHK-flux equation reduces to that of 

Fick's First Law, as expected:

Φi = − Pmem
i ccell

i − cenv
i (9)

The total ionic current density across the membrane (Jmem) can be described in terms of the 

sum of total transmembrane mass flux for all ions:

Jmem = ∑
i

ϕtot
i zi F (10)

And provides an alternative method to update V mem:

dV mem

dt = 1
Cmem

Jmem (11)

The change in concentration of a substance in time can be described as the divergence of 

the total flux (ϕtot
i ), where total flux takes into account all sources of ion flux in the system, 
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and α and β represent possible production and decay constants from chemical reactions and 

regulatory relationships with other substances (Pietak and Levin, 2017):

dccell
i

dt = − ∇ • ϕtot
i + α − δccell

i
(12)

Mathematical basics of the equivalent circuit perspective of bioelectricity

The equivalent circuit model of bioelectricity treats the cell membrane as a capacitor 

in parallel with a resistance with zero net current across the membrane, and updates 

V mem dynamically in terms of transmembrane currents, which in contrast to the molecular 

perspective defined above, are assumed to be driven by voltage sources specific to each ion 

(reversal potentials, V rev
i ) in proportion to membrane ion conductances for an ion i (gi) in a 

linearized description based on Ohm's law (Cervera et al., 2015, 2016b, 2016a, 2014). For an 

isolated cell:

dV mem

dt = − 1
Cmem

∑
i

gi V mem − V rev
i

(13)

Reversal potentials for each ion (V rev
i ) are calculated using the Nernst Equation:

V rev
i = RT

F ln ccell
i

cenv
i (14)

Mathematical details of electrodiffusion-based patterning mechanisms in 

gap junction-coupled somatic cell networks

A V mem difference between two gap junction-coupled cell membranes represents an electric 

force field between the cytoplasm of both cells with the ability to draw charged substances 

across the gap junction channel in relation to the transjunctional field ( E j, k), which has an 

approximate magnitude:

E j, k = − V mem, k − V mem, j

dgj
(15)

Here V mem, j and V mem, k are the transmembrane potentials of cells j and k, and dgj is the length 

of the gap junction channel, which is approximately 15 nm (Weber et al., 2004). Thus, a 

V mem difference of merely 1 mV between two gap junction-connected membranes produces a 

strong electric field magnitude of 6.7e4 V
m .

The GHK-flux equation can be used to estimate trans-junctional mass flux of ion i across 

gap junctions coupling membranes of cells j and k in a cell network, with positive flux 

moving from cell j to cell k (Fig. 2G):
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Φj, k
i = − ziV j, kFPgj

i

RT
cj

i − ck
iexp − ziV j, kF

RT

1 − exp − ziV j, kF
RT

(16)

Where cj
i and ck

i  represent the concentration of ion i in cells j and k of the cell network, and 

the transjunctional potential, V j, k is defined in terms of the V mem difference between the two 

gap junction-coupled cells:

V j, k = V mem, k − V mem, j (17)

Mathematical details of gating electrodiffusion

The flux through a K+ leak channel can be described by:

ΦKLeak
K = − V memFPKLeak

K

RT
ccell

K − cenv
K exp − V memF

RT
1 − exp − V F

RT
(18)

Where the anion concentration modulates the permeability of the K+ leak channel according 

to the Hill function:

PKLeak
K = 1

1 + ccell
Anion

Km

n (19)

The flux of the anion through gap junctions connecting cells j and k is defined as:

Φj, k
Anion = − zAnionV j, kFPgj

Anion

RT
cj

Anion − ck
Anionexp − zAnionV j, kF

RT

1 − exp − zAnionV j, kF
RT

(20)

Here Pgj
Anion = 6.7x10−7 m

s  represents the effective permeability of the anion through gap 

junctions, and zAnion is the anion's charge. Note the concentration of the anion is on the 

order of μM, which is too low to significantly affect V mem as it moves through the gap 

junction-coupled network. The anion was also subject to electroneutral production and decay 

with α = 0.1 μM
s  and δ = 0.1 1

s . The initial concentration of the anion was zero in all cells.

Mathematical details of reaction-diffusion morphogen gradient models

A well-known Turing mechanism involves the concentration of two interacting substances, 

[A] and [B], which change in time according to (Werner et al., 2015):
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d[A]
dt = αA

[A]ℎ

[A]ℎ + [B]ℎ − δA[A] + DA ∇2[A]d[B]
dt

= αB
[A]ℎ

[A]ℎ + [B]ℎ − δB[B] + DB ∇2[B]
(21)

With αA = 0.1 mM
s , αB = 0.4 mM

s , ℎ = 5, δA = 1.0x10−3 1
s , δB = 2.0x10−3 1

s , DA = 0.5x10−10 m2
s , 

and DB = 1.5x10−9 m2
s , a gradient may develop on a small model using Eqn (21), but the 

pattern changes to spots when the tissue size is increased by a factor of three (Fig. 5B).

To address the scale-dependence of classical reaction-diffusion models, Werner et al. have 

developed an elegant scale-free reaction-diffusion model capable of emergent gradient 

formation and reformation in a one-dimensional system (Werner et al., 2015) (Fig. 5C), 

and which involves the dynamics of three morphogens, [A], [B], and [E]:

d[A]
dt = αA

[A]ℎ

[A]ℎ + [B]ℎ − δA[A][E] + DA ∇2[A]

d[B]
dt = αB

[A]ℎ

[A]ℎ + [B]ℎ − δB[B][E] + DB ∇2[B]

d[E]
dt = αE − δE[B][E] + DE ∇2[E]

(22)

for which a viable parameter set is: αA = 0.1 mM
s , αB = 0.4 mM

s , αE = 0.4 mM
s , 

ℎ = 5, δA = 1.0x10−3 1
mM s , δB = 2.0x10−3 1

mM s , δE = 2.0x10−3 1
mM s , DA = 0.5x10−10 m2

s , 

DB = 1.5x10−9 m2
s , and DE = 5.0x10−10 m2

s .
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Fig. 1. 
A schematic of functional V mem patterns observed in frog and insect development, as 

well as planaria regeneration. Xenopus laevis neurula exhibit a characteristic V mem pattern 

with strong hyperpolarization in cells of the closing neural tube and depolarization 

in the surrounding neural folds (A). Genetic mis-expression of specific ion channels 

or pharmacological treatments can flatten the endogenous V mem pattern by creating a 

more uniform depolarization or hyperpolarization, where both induced severe brain and 

eye defects (A). Moreover, for depolarization treatments (e.g. Notch ICD or nicotine), 

expression of Kv1.5 or HCN2 restored the normal V mem pattern and produced normal brain 

and eye development (A). In whole planaria flatworms (B), an anterior-posterior gradient 

of V mem exists with significantly stronger depolarization at the anterior (B). During normal 

regeneration, a strong anterior depolarization appears, which is believed to be instructive 

for anterior-posterior axis polarity (B). Depolarizing a fragment during regeneration induces 

2H outcomes in regenerates (B). In insect ovarian follicles, an endogenous V mem gradient 

features an oocyte which is more depolarized than the nurse cells (C). Patterns of soluble 

acidic (negatively charged) and basic (positively charged) proteins may be correlated with 

the V mem pattern in the ovarian follicle, with more acidic proteins found in the oocyte and 

more basic proteins found in the nurse cells, thereby supporting the hypothesis that small 

charged molecules travel by electrodiffusion across intercellular connections such as gap 

junctions (C).
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Fig. 2. 
A summary of basic concepts underlying V mem generation, modulation, and dynamics in 

a gap junction-coupled somatic cell network. Ion pumps such as the ubiquitous Na+,K+-

ATPase (A) use chemical energy released in ATP hydrolysis to maintain concentration 

gradients of Na+ (low inside the cell) and K+ (high inside the cell) across the plasma 

membrane, and generate an electronegative V mem (B). Ion channels (C, D) provide ion-

specific pores in the membrane to allow ions to passively move down their electrochemical 

gradients, altering V mem in the process by changing the net charge distribution across 

the membrane. The open/closed state of ion channels can be modulated by V mem (voltage-

sensitive channels) or chemicals (ligand-gated channels), which in combination with the V mem

altering effects of ion channels, introduces the possibility for positive and negative feedbacks 

to the bioelectrochemical system. Transporters, such as the Na+/HCO3− exchanger (E), 

utilize the potential energy of electrochemical gradients generated by ion pumps to perform 

a host of functions including maintenance of balanced pH, levels of glucose and metabolites; 

regulation of neurotransmitter signaling (e.g. monoamine reuptake transporters); and a host 

of other functions. Passive transmembrane ion flux for any channel can be described 

in terms of chemical and electrical gradients across the membrane (F), with a similar 

description for ion flux between two gap junction-coupled cells (G).
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Fig. 3. 
Bioelectricity encompasses several interrelated phenomena, including V mem; ion channel, 

pump and transporter dynamics; and instructive correlations between downstream signaling 

regimes including pH and metabolism. This bioelectrical example simulation of Na+,K+-

ATPase pumps, H+,K+-ATPase pumps, K+ and Na+ leak channels, and a Na/HCO3− 

transporter, with bicarbonate buffer and metabolic production equations, is detailed in (A), 

and was simulated in BETSE. The simulation explored a series of 10 min interventions, 

each separated by 20 min, including: blocking K+ leak channels (i), opening Na+ leak 

channels (ii), blocking Na+,K+-ATPase pumps (iii), activating H+,K+-ATPase pumps (iv), 

and increasing extracellular K+ levels (v). V mem, intracellular pH, and energy charge of the 

cell are shown in B, C and D, respectively. Blocking K+ leak channels depolarizes V mem, 

and leads to an increase in both cytosolic pH and the energy charge of the cell (i). Opening 

Na+ leak channels also depolarizes V mem, but leads to significant drops in cell pH and 

energy charge (ii). Blocking the Na+,K+-ATPase pump leads to slight V mem depolarization 

and significant increases in cell pH and energy charge (iii). Activating an H+,K+-ATPase 

has minimal effect on V mem, but significantly increases cell pH and decreases energy charge 

(iv). Increasing extracellular K+ depolarizes V mem (v). Note that the molecular perspective of 

bioelectricity provides an accurate estimation of V mem (V mem BETSE and V mem Goldman series 

of B), while managing interventions that alter ion reversal potentials (B).
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Fig. 4. 
Bioelectrically-mediated gating-electrodiffusion mechanisms can generate a variety of 

categorically different patterns. A simple gating-electrodiffusion mechanism involving a gap 

junction permeable anion that inhibits a K+ leak channel, leading to self-reinforcing spatial 

feedback, is shown as a regulatory network in (A) and schematically in (B). By varying 

parameters for channel gating and anion charge, categorically different patterns of V mem and 

correlated anion concentration patterns are indicated (C through E). With anion charge of 

zAnion = − 3 and channel Hill gating constants of Km = 0.2 and n = 3.0, a stable patterns of 

stripes and spots are generated (C). With anion charge of zAnion = − 4 and channel Hill 

gating constants of Km = 0.2 and n = 3.0q, with a fixed small gradient of V mem along the 

long axis of the elliptical model, a spatiotemporal pattern of traveling depolarization spots 

and correlated anion concentration are indicated (D). With anion charge of zAnion = 1 and 

channel Hill gating constants of Km = 0.2 and n = 1.0, emergent, smooth, stable gradients 

form (E).
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Fig. 5. 
The experimentally-observed, emergent, scale-free morphogen gradients of Notum, Wnt 

and ERK observed in planaria homeostasis and regeneration, are difficult to describe 

using standard reaction-diffusion mechanism due to their dependence on system size. In 

homeostasis, planaria show gradients with high Wnt1 at the posterior (A), and high Notum 

at the anterior. Cutting across the anterior-posterior axis leads to reformation of gradients 

of Wnt1, Notum and ERK which have the original anterior-posterior polarity in each cut 

fragment (A). Reaction-diffusion mechanisms can describe emergent gradients, but are 

limited by their dependence on system size, which leads to fundamentally different patterns 

as the size of the tissue is increased (B). An elegant reaction-diffusion scheme introduced by 

Werner et al. (2015) produces stable, emergent gradients for various system sizes, but with 

the limitations of strong dependence of absolute concentration magnitude on system size and 

imperfect gradients in 2D for shapes that are imperfect long ellipses, which arise naturally 

with cutting (C).
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Fig. 6. 
Gradients produced by a gating-electrodiffusion mechanism are stable, essentially 

independent of size scale, and reach similar steady-state values which are ideal for 

gene regulation. Emergent V mem gradients produced on three different model sizes (A) 

spontaneously arise for a regulatory system involving a gap junction permeable anion, 

which inhibits a K+ leak channel to generate a self-reinforcing spatial feedback (B). The 

electrodiffusing anion also inhibited canonical Wnt signaling (e.g. via ATP4− inhibition of 

Wnt signaling through CHD8 (Thompson et al., 2008; Nishiyama et al., 2012)). Canonical 

Wnt/β-Cat signaling then inhibited ERK signaling to define both Wnt and ERK signaling 

gradients (C) consistent with head and tail anatomical domains in both whole worms of 

diverse size and multiple cut fragments.
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