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Bioelectric signaling as a unique regulator of development and
regeneration
Matthew P. Harris*

ABSTRACT
It is well known that electrical signals are deeply associated with living
entities. Much of our understanding of excitable tissues is derived
from studies of specialized cells of neurons or myocytes. However,
electric potential is present in all cell types and results from the
differential partitioning of ions across membranes. This electrical
potential correlates with cell behavior and tissue organization. In
recent years, there has been exciting, and broadly unexpected,
evidence linking the regulation of development to bioelectric signals.
However, experimental modulation of electrical potential can have
multifaceted and pleiotropic effects, which makes dissecting the role
of electrical signals in development difficult. Here, I review evidence
that bioelectric cues play defined instructional roles in orchestrating
development and regeneration, and further outline key areas in which
to refine our understanding of this signaling mechanism.
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Introduction
Ever since Volta and Galvani discovered electrical properties innate
to biological systems in the late 18th century, we have been
entranced by the electrical property of life. The concept of electrical
activity within tissues was confirmed with the findings that
electrical impulses across both nerves and muscles act to regulate
key properties of their function. However, we now know that
electrical potential is intrinsic to the normal function of all cells,
organelles and molecules. Electrical potential is a by-product, as
well as a regulator, of diverse essential properties across multiple
levels of biological organization. For example, electrical potential
drives respiration, and shapes pH and redox state; it also mediates
cell-cell communication, cell migration and tissue repair. Recently,
enticing data suggest that changes in both cell and tissue
excitability, as well as broader electrical fields across tissues, are
important for the development and physiology of organisms as well
as their capacity for repair. Given that patterns of electrical activity
exist within developing tissues, and when disrupted can lead to
distinct phenotypes, the role of such electrical signaling in
instructing development and regeneration has become a topic of
great interest.
However, to say that electrical signaling is essential for

development is a truism and is not particularly informative. As an
example, the first act in development – the block of polyspermy in
fertilization – highlights the complexity underlying changes in

electrical potential. In this event, a triggered wave of oocyte
membrane polarization is necessary for assuring reproductive
success (Jaffe, 1976; Jaffe and Cross, 1986). This depolarization
results from the specific action of ion channels causing a rise in
intracellular calcium. However, this intracellular calcium change in
turn affects specific proton pumps altering cellular pH, leading to
increased hydrostatic pressure and polymerization of actin subunits
that aid acrosome entry into the cytoplasm. Thus, even in this
specific cascade, the indirect effects of shifts in electrical activity of
a cell are large, many resulting in a dependent response of other
channels and pumps in the cell, which in turn result in changes in the
local cellular environment and intracellular signaling responses
(Jaffe, 2018). Within this context, a statement of the essential role of
electrical signaling in development, although true, is not truly
useful. However, an ancillary statement can be made: that changes
in electrical signaling or potential, within and among levels of
biological organization, such as cell, tissues and organs, have
instructional roles in development such that differential character
states (types) are formed. This hypothesis is a rephrasing of a more
broad ‘bioelectric code’ hypothesis that instructs development and
regeneration (Levin, 2012 compare with Jaffe, 1981); however, it
does not specifically rely on providing graded information.Working
within this conceptual framework of differential bioelectrical
character states, one can pursue targeted, empirical approaches
to distill generalized properties of bioelectric signaling within
development and regeneration.

When considering such properties, it is important to assess the
effect of bioelectric activity on a particular level of biological
organization to separate the effects comprising different logical
types (see Glossary, Box 1) of action or regulation. Changes in
electrical potential across cellular membranes regulate a myriad of
effects on the cellular environment, as well as specific effects on
integrated membrane proteins and enzymes within the cell. These
changes may drive cell autonomous phenotypes, such as migration,
proliferation and apoptosis, that do not represent a linear cause and
effect of the component changes. As cells can be electrically
coupled (discussed below), cells may show correlated responses to
changes in bioelectric signaling that provide a different context of
response of the tissue, removed from the downstream action of
electrical signaling on the individual cellular components. Such
shifts in the regulation of phenotype or level of analysis, from
molecular to cellular, from cellular to tissue, or from tissue to
organism, represent different logical types in mechanism leading to
phenotype (Bateson, 1979). This attention to the level at which
bioelectrical signals affect development provides a platform to
identify aspects of signaling that are unique to bioelectric signaling,
as well as those that are in common with more well-characterized
canonical signaling cascades. With this platform in mind, I focus
here on how cells and tissues use changes in resting electrical
potential to inform decisions, both in the context of development
and during regeneration. Through this discussion, I argue that an
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appreciation of the unique role of electrical signaling requires not
only an analysis of immediate, or first-order, actions, but also of
emergent properties that orchestrate development across tissues.
The local and extended effects of electrical signaling implicate
bioelectricity as a unique and essential property in development that
has distinct biomedical implications in the regulation of repair and
regeneration.

The generation, regulation and coordination of electrical
potential
One of the key properties that drives electrical signaling is the
differential gradient of ions across the semipermeable membranes of
cells and organelles. The resting membrane potential, Vmem
(see Glossary, Box 1), in a cell is the electrical potential across
the plasma membrane. This resting membrane potential results from
the regulation of potassium (K) and sodium (Na) concentrations on
each side of the membrane (Wright, 2004). The extensive repertoire
of ion channels, the differential expression of channels and isoforms
with unique response characteristics and ion affinities, as well as post-
translational modification of channels, all contribute to maintaining
both the steady state Vmem as well as dynamic responses to
alterations in Vmem due to environmental and other stimuli. As I
discuss below, Vmem can play a role in regulating the proliferative
potential and potency of cells, and it can also be coordinated across
cells to generate tissue-level behaviors and patterns.

The link between resting membrane potential, proliferation and
developmental potency
Vmem varies widely in and between cells. Overall, a general
correlation has been established between membrane polarization
and proliferative potential (Fig. 1A) (Binggeli and Weinstein, 1985;
Blackiston et al., 2009; Cone, 1971; Levin, 2012). Metastatic cancer
cells, for example, show hypopolarization on average (Fraser et al.,
2005; Payne et al., 2019), while differentiated cell types tend to be
more polarized. Similar trends are exhibited by differentiating
myoblasts and developing neural crest cells, which begin
differentiation at relatively low resting voltages (−10 to −35 mV)
and shift to higher polarity (−55 to −75 mV) as they mature
(reviewed by Bauer and Schwarz, 2001). It is unclear whether
hypopolarized cells retain broader potency for developmental fates,
although it has been reported that adult stem cells in general have a
lower Vmem (Blackiston et al., 2009).

Experimentally altering electrical potential of cells through
modulation of exogenous electrical fields, or experimentally
altering resting membrane potential, suggests that cell Vmem is an
integral regulator of proliferative potential (Blackiston et al., 2009).
The specific mechanisms underlying this association, however, are
not clear; there is no clear functional link, or epistasis, starting with
changes in Vmem, that explains how variation in electrical potential
regulates the cell cycle. It is possible that the compartmentalized
logic of linear pathways typically used to describe cellular signaling
may not easily apply to the regulatory action of electrical signaling.
Proliferative potential can be thought of as an emergent character
state of the cell – in this discussion, a state arising from the concerted
action of the expressed membrane channel constituents and
feedback through cell cycle machinery and checkpoints. Changes
in bioelectric state may act by setting the context for proliferation
such that a myriad of cellular events occur within a set space and
time, allowing for coordination of signaling and progression
through cell cycle or differentiation programs.

Mediation of cell-to-cell coordination
A singular property of electrical activity as a signaling agent is its
propensity to impart information about cell state among, and
between, cells. Electrical states are transferable signals that can
spread across tissues through specialized gap junction channels
that form between cells and allow transport of small charged
molecules and ions (Fig. 1B). These channels can vary in affinity,
and they can be tuned and developmentally regulated, thus biasing
the direction and nature of electrochemical signals across tissues.
Through these channels, communication can occur dynamically
and over long distances through cell collectives or broad cellular
extensions. Indeed, specialized cellular structures termed
tunneling nanotubes and cytonemes have been shown to
mediate cell-to-cell signaling via the transport of signals though
long cytoplasmic bridges or cellular processes (Ariazi et al.,
2017). In tunneling nanotubes, the signals can even be gated by
differential gap junction regulation (Wang et al., 2010),
modulating the directionality of signaling. A striking example
of such long-distance electrically coupled signaling comes from
studies of pigment patterning. The interplay between specialized
pigment cells, termed xanthophores and melanocytes, in zebrafish
determines the refinement of stripe patterning. Specifically, an
analysis of isolated pigment cells showed contact-mediated cell
repulsion and changes in Vmem between cells of different fates
through extended cell projections (Inaba et al., 2012) (Fig. 2A).
Although a function for gap junctions was not shown in this study,
inhibition of gap junctions in melanocytes and xanthophores has
been shown to interrupt normal segregation of zebrafish pigment
cell types, leading to dispersed spotty pigment patterns (Usui
et al., 2019).

The generation of pattern
Considerable work has focused on understanding how bioelectric
signaling and electrical connectivity among cells may influence
patterning in developing systems (e.g. Cervera et al., 2016).
Recently, it was demonstrated that, given a simple integrated
feedback circuit of potassium channels and gap junction
communication among adjacent cells, resting quasi-stable states of
membrane potential could be generated (McNamara et al., 2020). In
this model (Fig. 1C), potassium regulation is controlled by a simple
additive effect of inward rectifying potassium channels (Kir) and a
‘leak’ channel (KL). Connection between cells with gated gap
junction channel function leads to non-cell autonomous function

Box 1. Glossary
Capacitance. The ability of a system to store electrical charge
Competence. The ability of a system (cell/tissue) to respond to a specific
inductive signal
Induction. Imparting the particular action of another cell or tissue; also
referred to as an evocator of a particular response in the sense that it is
retained in the responding tissue
Logical type.Different character states of a system that are not directly a
property of the parts (see Bateson, 1979)
Morphogenetic field.A region of developmental potency, defined as the
range of differentiative capabilities that can be expressed in a given
tissue under a variety of experimental conditions (Slack, 1983; compare
with Jacobson and Sater, 1988)
Quorum sensing. The ability to detect and respond to the extent of a
collective, such as cell number, size or state; property of a single unit to a
character state of a group
Resilience. The ability of a developmental system to respond to shifting
perturbations
Vmem. Resting membrane potential or electromotive force
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and dynamic regulation of Vmem (McNamara et al., 2020). This
relationship implies that pattern can arise from the dynamics
of a simple bioelectric circuit. Importantly, this phenomenon
does not require pre-patterned states of gene expression, providing
asymmetry that can then serve as a template for differential gene
regulation. The dynamics outlined in this model serve as a tool with
which to relate phenotypic response to genetic changes observed in
bioelectric regulators.

Genetic evidence for bioelectric signaling in development
The clearest mechanistic evidence for bioelectric regulation of
development is grounded in genetic analyses, whereby specific
genetic alterations are measured for their effects on phenotype. Such
analyses fall into two distinct classes of changes defined by the
resultant effect on the system: loss of normal function of a
component or extended gain of function within the system. The
combination of both loss- and gain-of-function approaches provides
a powerful means to reveal functional integration and potential
within a system; however, it is important to integrate the type of

effect of a given perturbation when interpreting particular
experimental findings.

Below, I provide an overview of the genetic evidence for
bioelectric signaling through a focus on structural phenotypes
arising in development (summarized in Table 1). This focus on
structural phenotypes allows a refined phenotypic analysis that is
distinct from that used to study the known regulation of electrical
signaling in ‘excitable’ tissues, such as muscle, and neural activity.
A recent analysis of channelopathies across animal models and
human disease has also been performed and is more inclusive
than the discussion provided here (Srivastava et al., 2021). One
important trend that arises from these analyses is that channels
mediating potassium conductance as well connexins (which are gap
junction components) are commonly disrupted. Many of these cases
are thought to represent loss of normal function, but some cases,
such as KCNJ2 mutations underlying Cooks syndrome (Franke
et al., 2016), represent gain-of-function effects due to misexpression
or neofunctionalization of the channel. Potassium channels and
connexins are diverse and multifaceted regulators of membrane
potential that harbor signaling properties independent of their
conductive abilities. As potassium is a primary regulator of resting
membrane potential (Wright, 2004), its prominence in developmental
disorders supports the notion that Vmem itself may be normally
required to regulate development distinct from its indirect function on
canonical signaling.

Experimental modulation of genetic models reveal
integration of biological signaling
Combining genetic with experimental/chemical approaches has
been crucial for understanding the molecular foundations of
bioelectric signaling in developmental processes. Much of the
experimental evidence for a role for bioelectric signaling in
development is founded on gain-of-function experiments; the
upregulation and mis-expression of activated or dominant-
negative forms of channels or channel regulators results in an
increased or new function of particular gene products and their
effect on electrical properties of the cell such as Vmem. Although
these types of data make it difficult to define specific mechanisms
at a cellular or developmental level, at face value they do tell you
what the system can achieve in response to changes in bioelectric
signals. Interesting cases have been identified in which loss-of-
function genetic data in combination with experimental gain-of-
function approaches provide insights into mechanisms and
epistasis. For example, blocking connexin signaling using
pharmacological agents in the context of activated channel
function demonstrates the necessity for electrocoupling to
resolve pigmentation phenotypes in zebrafish (Usui et al.,
2019). Likewise, treatment of regenerating zebrafish fins
either with the pharmaceutical compound FK506 (which binds
to calcineurin and alters potassium channel activity) or by
altering activity of the potassium chloride co-transporter Kcc4a
results in overgrowth phenotypes (Kujawski et al., 2014; Lanni
et al., 2019). These growth responses, however, are dependent on
the function of the potassium channel Kcnk5b (Daane et al.,
2018; Lanni et al., 2019). Thus, through combinatorial
experimental analysis in defined genetic backgrounds, our
understanding of bioelectric signaling and its role can be
refined and interrogated.

Lessons inferred
Generating a comprehensive understanding of bioelectric signaling
as a whole based on current findings proves challenging, as each

Vmem
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Conduction facilitated by gap junctional complexes

Kir Current driven by inwardly rectifying potassium channel

Current driven by leak potassium channel

Kir KL Kir KL
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(e.g. embryonic stem cells,
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Fig. 1. Changes in Vmem within and among cells in a network. (A) Vmem
is a measure of the resting membrane potential across a plasma membrane of
a cell. It is the product of a suite of pumps and channels that regulate the
movement of ions across the plasma membrane. Resting Vmem can vary
within a cell and during phases of the cell cycle. However, the resting Vmem is
generally associated with the proliferative state of a cell, becoming
hyperpolarized with progressive differentiation. (B)When cells are coupled in a
series, voltage differential is minimized through ionic currents flowing through
gap junctions. (C) Recent work has shown that key properties of Vmem
regulation can be modeled through a simple integrated feedback circuit that
considers the additive effects of inwardly rectifying (Kir) and leak (KL)
potassium channels. Cm, membrane capacitance; g, conductance of channel;
E, electromotive force of channel. Image in C ismodified, with permission, from
McNamara et al. (2020).
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Fig. 2. Bioelectrical control of cellular and tissue level processes in development. Overview of some pertinent developmental roles regulated by
bioelectrical signals at different levels of organization. (A) Intercellular communication. (i) Transmission of state between cells can occur via long cellular
processes termed nanotubes and cytonemes, e.g. between zebrafish melanocytes (M) and xanthophores (X). This process is dependent on potassium channel-
mediated regulation of Vmem and gap junctions. (ii) Nanotubes and cytonemes also facilitate the transmission of small molecules and ions between cells. This
process can require gap junctional complexes. (iii) Long-distance targeted signaling can also occur through regional release of growth factors (red dots) in a
process that is dependent on potassium channel function. Blue and green indicate different character states of cells induced by differential electrical signaling.
(B) Tissue-level regulation. TheDrosophila imaginal disc epithelium is electrically coupled and bounded, causing localized coordination of developmental signals.
A trans-epithelial potential (TEP) exists across the stratified epithelia. (C) Signaling within and across organ and structures. (i) In the organ of Corti of the inner ear,
the differential expression of potassium channels and gap junctions across the structure supports the generation and maintenance of large electrical potential in
the endolymph, providing an electrical gradient for signaling after hair cell activation. (ii) Early development of the vertebrate limb is marked by regional
shifts in currents and the creation of electrical fields demarcating a limb field in early limb buds with specific limb-forming potential (blue). (D) Signaling among and
across tissues comprising organismal-level regulation. Many organisms show local as well as global electrical fields. For example, planaria, hydra and Xenopus
show variation of bioelectric fields across their anterior to posterior axes.
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channel component is expressed inmany tissues during development
and often has both conductive and classical signaling roles.
Furthermore, in cases of misexpression during ontogeny, the
altered context of the signaling created may mask or mimic other
functions not yet identified. However, as I highlight below, some
general trends can be distilled.

Coupling is an essential aspect of bioelectric signaling during
development
Electrically coupled cells can form extended, functional units that can
facilitate regionally bounded, non-cell-autonomous developmental
signaling (Levin, 2007). Several examples of such coupled units exist
(Fig. 2). Epithelial cells of the developing Drosophilawing imaginal
disc are locally coupled, allowing ionic transfer within a bounded
compartment coincident with anterior-posterior lineage restriction
(Weir and Lo, 1982). Likewise, cells of the anterior pituitary of fishes
are electrically coupled to facilitate coordinated hormone release
(Levavi-Sivan et al., 2005). Cells of the limb ectoderm (including
the apical ectodermal ridge; Laird et al., 1992), as well as early
limb mesenchymal cells, are also electrically coupled (Allen et al.,
1990; Coelho and Kosher, 1991) as are early placodes of feathers
(Serras et al., 1993) (Fig. 3A). Accordingly, loss of gap junction
function in tissues often disrupts normal development and leads to
dysmorphology, as seen in both experimental models as well as
human disorders (Srinivas et al., 2018) (Table 1).
Although the details of such coupling are not known, the

developmental consequence of coupling would impart a regulation
of signaling – away from the cellular to a more pan-cellular, or even

organismal, level (Fig. 2C,D). Indeed, gap junction-mediated
coupling between cells of a tissue could impart unique character
states to cell assemblages such that morphogenetic signaling can be
temporally and spatially coordinated across cells. This character
state is a different level of regulation – or logical type – than
the action of individual cells. Intriguingly, such higher-order
morphogenetic properties could provide a mechanistic foundation
for classical embryological concepts such as competence and
induction (discussed below). Coupling mediated via the expression
of connexins with different functional characteristics can also allow
regional heteromeric assemblages of gap junctional complexes that
exhibit unidirectional/biased transport. Such asymmetry underlies
the potential for the generation of electrochemical gradients across
electrically coupled cells and thus the generation of pattern (e.g.
McNamara et al., 2020).

Bioelectric modules may be leveraged during development
In many traits and tissues, the pairing of potassium channels with
particular connexin gap junctional components that affect similar
phenotypic outcomes suggests that these genes are functionally
interrelated and may work via the same general mechanism. Pigment
patterning in zebrafish provides an illustration of how changes in
individual channel components suggest the presence of correlated
modules. Gain-of-function mutations in the potassium channel
Kcnj13 result in broadened pigment patterns, whereas loss-of-
function mutations in the gap junction channel connexin 41.8
(Cx41.8) lead to disruption of stripes (Watanabe et al., 2006). In
addition, overexpression of the gap junction suppressor Ssat or,

Table 1. Structural phenotypes arising from alterations in vertebrate genes encoding bioelectrical regulators

Phenotype Kir KL Kcc Gap junction Other Clinical presentation Reference

Zebrafish
pigment
pattern

Kcnj13* Kcc4a‡ Cx41.8 (leo)‡,
Cx39.4
(luchs)‡,
ssat1*, srm‡

and sms‡

Frohnhofer et al. (2016);
Irion et al. (2014);
Watanabe et al. (2006,
2012)

Zebrafish fin
proportion

Kcnh2a* and
Kcnj13*

Kcnk5b* Kcc4a‡ Gja1; Cx43‡ Lanni et al. (2019);
Perathoner et al. (2014);
Silic et al. (2020); Stewart
et al. (2020 preprint);
Daane et al. (2021
preprint).

Mammalian
integument
and/or hair

Kcnj8 Gjb2; Cx26‡ Cantú syndrome and ichthyosis
follicularis

Cooper et al. (2014);
Youssefian et al. (2019)

Mammalian limb
and
craniofacial
development

Kncj2,
Kcnj2*,
Kcnj16*,
Kcnh1*,
Kcnj8 and
Kcnj13‡

Kcnk4 Gja1; Cx43* Kcnn3* and
Piezo2*

Oculodentodigital dysplasia,
Zimmermann-Laband
syndrome, Temple-Baraitser
syndrome, Anderson-Twail
syndrome, FHEIG and Cantú
syndromes and distal
arthrogryposis

Alper (2017);
Bauer et al. (2018, 2019);
Belus et al. (2018);
Bramswig et al. (2015);
Cooper et al. (2014);
Despang et al. (2019);
Franke et al. (2016);
Kortum et al. (2015);
Paznekas et al. (2003);
Srinivas et al. (2018);
Villanueva et al. (2015)

Mammalian
deafness

Kcnj10 Kcnk5‡ Kcc3‡,
Kcc4‡

and
NKCC1‡

Gjb2; Cx26‡,
Gja1; Cx43‡,
Gjb1; Cx26‡,
Gjb3; Cx31‡,
and Gjb6;
Cx30‡

Kcne1‡, Kcnq1‡

and
N+K+ATPase‡

Boettger et al. (2002); Jung
et al. (2018); Nin et al.
(2016); Srinivas et al.
(2018)

Where known, the nature of the effect of the alteration on gene function is highlighted as gain (*) or loss of function (‡). Genes primarily associating with neural or
muscle physiology not included.
FHEIG, facial dysmorphism, hypertrichosis, epilepsy, intellectual disability/developmental delay and gingival overgrowth; Kcc, potassium chloride co-transporter.
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alternatively, mutations in spermidine synthase affecting polyamine-
dependent regulation of gap junctional conductance lead to abrogation
of stripes (Frohnhofer et al., 2016; Usui et al., 2019; Watanabe et al.,
2012). In the context of the zebrafish fin, gain-of-function mutations
in kcc4a (slc12a4), kcnj13 or kcnk5b, all of which encode potassium
channels, lead to fin proportional overgrowth (Perathoner et al.,
2014; Silic et al., 2020), whereas loss of the connexin Cx34 results
in proportionally short fins. Furthermore, cx34 loss specifically
abrogates the fin overgrowth phenotype caused by increased
potassium channel function (Perathoner et al., 2014; Sims et al.,
2009). Interestingly, recent comparative genetic analyses of natural
variation in pigmentation and fin length show that these modules are
shaped in evolution (Podobnik et al., 2020; Schartl et al., 2020).
The examples discussed here highlight the potential for a generalized

module of bioelectric regulation. A recently reported regulatory circuit
(McNamara et al., 2020) (Fig. 1C) builds on this idea and details the
sufficiency of regulation of three classes of channels in establishing
unique patterning dynamics within cellular systems. This simple circuit
involves varied expression and differential gating of Kir, KL (e.g. K2P)
and gap junction channels (Fig. 1B,C). Current experimental data
fit nicely to this model, such that phenotypes in pigment patterning
and fin size arise due to overactive Kir such as Kcnj13 and Kcnh2a
(Silic et al., 2020; Stewart et al., 2020 preprint; Daane et al. 2021
preprint). These phenotypes are affected by alterations in the gap
junction components Cx41.8 and Cx43, respectively (Iovine and
Johnson, 2000; Irion et al., 2014), seemingly to have specific pairing
with tissue specificity of Kir. Further evidence of such a circuit comes
from the fact that Kcnk5b, aKL, is necessary (Daane et al., 2018; Lanni
et al., 2019) and sufficient (Perathoner et al., 2014) to alter these
signaling pathways (Harris et al., 2020).

Levels matter
The readout of biological signaling is affected not only by which
particular channels and modulators are expressed, but also by

their levels. Simply increasing the expression level, or the activity, of
a wide set of potassium channels and regulators can drive development
in predictable and patterned outcomes. For example, zebrafish fin size
can be modulated by increases in ion conductance in potassium
channels through modulation of the conductance as well as increased
levels of wild-type channels (Perathoner et al., 2014; Silic et al., 2020).
Similarly, craniofacial dysmorphology in Xenopus can be triggered by
mis-expression and over-expression of wild-type and variant potassium
channels (Adams et al., 2016). In both cases, a general principle
emerges in that multiple causes of changes in Vmem can affect similar
developmental outcomes. Interestingly, in linewith the circuit model of
McNamara (McNamara et al., 2020), specific classes of ion channel
(inward rectifying and leak channels versus other potassium channel
types) are associated with particular outcomes, whereas others do not
seem to be sufficient (Silic et al., 2020).

The gain-of-function effects of potassium channels in
experimental treatments are mirrored in the types of genetic
alterations seen in mutant screens of model organisms and in
human channelopathies. In many instances, mutations in potassium
channels exhibit a dose-dependent effect, such that homozygous
carriers have enhanced presentation of the phenotype. In
channelopathies, structural defects can arise from gain-of-function
mutations of channel genes, leading to increased, mis-localized or
novel regulation of the gene product (Table 1). For example,
individuals with Cooks syndrome have shortened digits and aplasia
of the nails attributed to increased expression and mis-regulation of
Kcnj2/16 in the autopod during development (Despang et al., 2019;
Franke et al., 2016). Deficiencies in cardiac physiology and
behavior have also been linked to copy number variations in
potassium channel gene loci or their direct modifiers (Maussion
et al., 2017; Tsai et al., 2016), again suggesting that gene dose may
contribute to altered regulation. The identification of developmental
disorders caused by loss-of-function variants in channels further
suggests that balance among potassium channel function and/or
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Ear field Neural tube field

Eye field

Hypopbysis
field

Nose field

Lens field

Balancer
field

Heart
field

Gill
field

Forelimb
field

Hindlimb
field

Fig. 3. Bioelectric association with and modulation of regional developmental fields. (A) Regional transmission of electrically charged lucifer yellow within
the feather tract placodal epidermis of chick embryos. An overlay of images taken at 1, 5 and 20 min after injection of charged dye into a single placodal cell
(marked with an asterisk) reveals bounded coupling within the feather placode during development. Image reproduced from Serras et al. (1993). (B) Fate map of
regional morphogenic fields in a developing Xenopus embryo. Image reproduced, with permission, from Huxley and De Beer (1936). (C) Staining of a developing
Xenopus embryo showing regionalization of voltage-sensitive dyes; brighter areas represent relatively hyperpolarized cells (green arrowheads), whereas
dimmer staining indicates relatively depolarized cells. Image reproduced, with permission, from Adams et al. (2016). (D,E) Ectopic eye formation in Xenopus
non-neurogenic tissue after ectopically altering potassium channel activity during early development. Red staining marks tissue positive for b-crystallin, which is
found in normal eye tissue (green arrowhead) and in ectopic tissue formed in caudal regions of the embryo (blue arrowhead); E indicates a further example of
pigmented eye tissue forming in caudal domains. Images reproduced from Pai et al. (2012).
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non-conductive based signaling of channels is essential (e.g.
George et al., 2019). The contrast of the different classes of
channels in regulating phenotypes may prove to be informative for
highlighting different signaling mechanisms or for identifying
compensatory shifts in activity among co-expressed channels in the
system (e.g. Dahal et al., 2012, 2017).

How might bioelectric signaling orchestrate development?
Given the integral nature of bioelectric processes as an emergent
property of organelles, cells, tissues and organs, how can one
discern a specific role for bioelectricity during development?

On a bioelectric ‘code’ in development
The bioelectric code model has been stated as information stemming
from temporal and regional patterns of signaling instructing
development (Levin, 2012); this hypothesis includes both
instructional and permissive signals of developmental fate decisions
through regional control of differential electrical signaling across non-
excitable tissues. More recently, by extending a postulate of Jaffe
(Jaffe, 1981) of electrical ‘leaks’ providing positional value in a
developing and regenerative system, the notion of a bioelectric ‘code’
has been extended, or shaped, to impart positional signaling within a
system, such that a threshold-based readout of electrical signals may
provide instructive signals for differentiation and morphogenesis
(Levin and Martyniuk, 2018; Pietak and Levin, 2017). This extended
bioelectric ‘code’ hypothesis would be ancillary to a broader
‘instructional’ definition, as the latter would include binary decisions
between systems rather than necessitating graded or differential
information. The differential read out of bioelectric signaling that leads
to graded, differentiated states (Levin, 2014) remains unsubstantiated.

Developmental hallmarks as a measure of bioelectric regulation
Morphogenesis requires tissue interactions that are regionally
specified both in time and space. The morphogenetic cascade
encompasses ‘first order’ cellular processes, such as cell
proliferation and differentiation, but also broader processes that
reflect instructional or permissive functions of cell and tissue
assemblages. Such characteristics require coordinated activity and
responses to developmental signals that are not the simple
summated response of individual cells within tissues. Indeed,
properties such as competence, induction and morphogenetic fields
have been defined as fundamental character states of tissues during
development. An impediment towards our ability to understand
these higher order processes stems from the coordination and
nonautonomous activity of cells. This coordination imparts
properties to tissues that arise from coupling of their response (see
below). I argue that it is in these tissue-level properties that we
may find a fuller understanding of the role of bioelectricity in
development. This hypothesis is not intended to limit the integrated
activity of bioelectrical signaling in cellular and biochemical
functions but rather to emphasize that higher-order properties may
impart unique regulatory roles of bioelectrical signaling in
development. Below, I highlight recent work that supports a role
for bioelectricity in regulating these crucial developmental
properties and states. This does not to serve as a global review of
the nature of these phenomenon, but rather aims to place emphasis
on bioelectric signaling in these processes.

Competence
Signaling between tissues requires that a tissue is capable to respond
to and integrate a signal. A bead loaded with FGF placed in the
mesenchyme of the flank of a developing chick induces a

supernumerary limb, whereas placement of the bead in non-
appendage-forming fated tissue does not elicit outgrowth (Cohn
et al., 1995). This ability to respond to a specific inductive signal is
called competence (see Glossary, Box 1) (Waddington, 1940). This
property can be autonomous to a cell or to a tissue. During
development, competence is regionally specified. An example of
regional competence can be seen in neurogenic placodes of the head,
in which defined regions of the anterior ectoderm respond to external
developmental signals by developing sensory and neurogenic
structures (Streit, 2007). Even during late developmental periods,
regional competence shapes form. For example, integumentary
structures such as hair/vibrissa in mammals, or feathers and scales in
birds, form in defined tracks and, in many cases, the intra-tract
ectoderm is not responsive to appendage-inducing signals (Fig. 3A)
(Sengel, 1971). This state of regionalization sets up a temporally and
spatially dynamic area of potency – a morphogenetic field (discussed
below). Importantly, competence is not a passive state, but an actively
acquired condition (Gilbert, 2000); it requires tissues to attain regional
coordination of an altered state, which can be accomplished by
regulation of differential gene expression. Competence has been
described as a poised resting state of tissues, ‘a complex of reactions
between substances which form an unstable mixture, which may at
certain times have two or more alternative modes of change’
(Waddington, 1939). This unstable state can respond to signaling by
resolving to one equilibrium or another. Thus, competence can be
thought of as an emergent property of a collection of equi-potential
progenitors that provides context for signals to effect a phenotypic state.

Evidence for a role for bioelectricity in competence exists but is
scattered and limited. This is in part due to the lack of genetically
encoded sensors to track the dynamics of Vmem during
development. Nonetheless, the use of voltage-sensitive dyes has
been successful in observing differential patterns of dye
accumulation in developmentally active regions (Fig. 3C) (Adams
and Levin, 2012a,b). For example, a voltage differential is observed
during early neurulation in Xenopus embryos and mirrors known
developmentally active domains (Fig. 3B). Upon disruption by
potassium channel expression, these areas change gene expression
profiles, leading to altered developmental trajectories (Pai et al.,
2012) and craniofacial dysmorphology (Adams et al., 2016).
Intriguingly, these broad dominant-negative (gain-of-function)
approaches led to the ability to make eye tissue in non-anterior
neurogenetic tissues (Pai et al., 2012) (Fig. 3D,E). These findings
are difficult to integrate with specific causal mechanisms but
suggest enhanced ability of tissue(s) to respond to inductive signals
or a shift in competence.

Induction
Induction refers to the process of transmitting a signal to a receiving
cell or tissue to cause a change in state (see Glossary, Box 1).
Inductive signals can be instructional or permissive, informing or
evoking a responsewithin a tissue, respectively. Recent data point to a
role for bioelectric signaling in induction. For example, long distance
signaling during appendage development is controlled by bioelectric-
mediated release of signaling factors. Specifically, altering the
function of kcnj2/kir2.1 or of theDrosophila orthologs Irk1, Irk2 and
Irk3 leads to differential release of extracellular vesicles at target sites,
causing a change in BMP/Dpp signaling in responding tissues; this
results in altered patterning of the craniofacial and appendicular
skeleton in mice (Dahal et al., 2017, 2012), or of adult wings in
Drosophila (Dahal et al., 2012). Similarly, in the process of zebrafish
stripe formation, melanocytes can induce repulsive behavior and state
change in xanthophores through contact-mediated changes to their
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resting membrane potential (Inaba et al., 2012). It is unclear whether
changes in Vmem caused by alterations in channel function contain
specific information or are simply permissive. However, as ion
channels have different specificities and gating characteristics, and
are sensitive to post-translational modification, they are well suited to
mediate transfer of specific information.

Morphogenetic fields
One of the key transformative conceptswithin developmental biology
is that of the morphogenetic field (reviewed by Gilbert et al., 1996;
see also Glossary, Box 1). Within a developing embryo, localized
areas – defined as tracts or fields – serve as regional areas competent
to form different structures (Fig. 3B). Notable examples of such areas
include the defined neurogenic placodes of the anterior ectoderm, the
tracts of integumentary appendages and the milk lines in register
along the body axis. Within competent tissue, the differential
response of equi-competent cells to a graded signal can lead to
positional information and individuation. Studies on morphogens
have shown the power of differential signaling to impart cues that
inform cell fates within a tissue. It has been proposed that bioelectric
signaling through Vmem could also serve as such a gradient through
the electro-coupling of cells (Adams and Levin, 2013).
For bioelectric signaling to play such a role would require a

readout to differences in Vmem to be instructive of specific
programs, thus providing a basis for determination of type.
Although we know that the differentiation states of individual
cells are associated with resting Vmem (as discussed above), there is
little evidence for a correlation between tissue differentiation and
graded responses to Vmem across a tissue. Within regenerating
planaria, alteration of Vmem and bioelectric signaling leads to
transformation of regional identity along the primary body axis
(Beane et al., 2011; Durant et al., 2016) such that anterior structures
are formed due to early hypopolarization (Durant et al., 2019).
Although this experimental evidence does not provide clear
observation of graded output, the binary axial information that is
activated upon injury clearly suggests modulation of polarity and
activation of different developmental programs. Extending beyond
the variation of Vmem across tissue, the early work of Burr and
Northrop integrated the dynamics of electrical fields with classic
morphogenetic fields (Burr and Northrop, 1955). This idea is
attractive and has driven the work of many influential groups;
however, we still have limited understanding of the dynamics of
electrical fields across tissues and structures during development,
and further empirical analysis is required.

Properties of bioelectric signaling that could provide tissue-
level regulation of development
Bioelectric signaling can act within and across cells, affecting
specific signaling events as well as the general physiological
context. These intrinsic properties of bioelectric signaling impart
characteristics in signaling that may underlie unique properties of
tissues in development. I highlight below several properties, or
character states, of developing systems and the potential for
bioelectric signaling in their action.

An analogy of capacitance
Formally, capacitance (see Glossary, Box 1) is the change in electric
charge in a system relative to the corresponding change in potential
(V). Similar signals could therefore elicit varied levels and extents
of responses based on differential capacitance within cells and
tissues. Capacitance can also lead to build-up of charge in a system.
Depending on the release kinetics of local regulators, release of

electrical charge can be maintained over time as a battery and thus
buffer temporal fluctuations. An intriguing aspect of the notion of
developmental capacitance is that the relative response to
perturbation is generally a function of geometry. As differential
Vmem is regulated in part through spatial and temporal regulation of
gene expression throughout development, the response of different
systems can be modulated by the territory of connectivity. Although
capacitance has been included within conceptual models of how
tissues integrate bioelectric signaling (Ferreira et al., 2016;
McNamara et al., 2020), this property of bioelectric signaling in
modulating developmental decisions remains to be assessed.

Signal amplitude
Signal amplitude refers to the level of signal transmitted. It is clear
that, in bioelectric signaling, levels can influence the extent of a
response. A unique and emergent property of bioelectric signaling
during development may reside in the ability to refine or amplify
signals within regional areas of tissues by building up Vmem or
electromotive force (EMF). In response to signals, such as growth
factors, or to mechanical perturbation, an amplification of a voltage
differential could potentiate a coordinated response within a tissue.
Varied capacitance of electro-coupled cell assemblages could also
promote amplification of differential signaling across a tissue.
Indeed, dye studies often show very distinct shifts in polarization
across a tissue (Fig. 3C), suggesting regionalization of Vmem during
development (Adams et al., 2016) and in regeneration (Beane et al.,
2011). The varied amplitude of signals could impart the capability
to encode differential responses depending on the sensitivity of
responding cells, thus providing information on type.

Signal buffering
Variation in the spatial and temporal aspects of signaling across cells
is an innate source of stochasticity in developing systems (Eldar and
Elowitz, 2010), and buffering of this variation across cells can
provide robustness to patterning mechanisms (Ladbury and Arold,
2012). Electrical coupling provides a rapid temporal and spatial
averaging of changes in cell state. As such, electro-coupling of cells
within a tissue could provide a mechanism for ‘smoothing’ signals
across a tissue that, when integrated with developmental patterning
networks, could suppress heterogeneity and increase robustness.

Integration of such electro-dynamic fluxes across a tissue can also
shape responsiveness to morphogen signaling during development.
Recent work on the processing and activation of Sonic hedgehog
(SHH) signaling by cholesterol has shown that this modification
affecting the signaling potential of SHH ligands is driven by ion-
specific gradients of the cell plasma membrane (Petrov et al., 2020).
In particular, activation of SHH signaling by inhibition of PTCH1
through cholesterol-bound SHH ligand is driven by a potassium
gradient. Likewise, promotion of cholesterol modification of SHH
requires a contrasting sodium gradient. Interestingly, mutation of
predicted residues of PTCH1 thought to be key for this regulation is
associated with cancer caused by hyperactive SHH signaling.

Sensitivity
The generation of spatially refined electric potentials can impart
resting capacity to respond to developmental signals within a cell,
tissue or organ. As an analogy, the regulation of ionic potential in
the inner ear is generated, in part, through the specific regulation of
regional expression of potassium channels and connexins in the
cochlear epithelium (Fig. 2C). The function of these channels is to
permit the generation of localized endocochlear potential (of
+80 mV) that locally drives the sensitized function of hair cells
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(Nin et al., 2016). This spatial regulation of channels permits a
broad circuit within the cochlea and generates and maintains broad
electrical potential in the organ (Kikuchi et al., 2000; Nin et al.,
2016). When hair cells are triggered, the potassium gradient permits
generation of an action potential and translation of sound into neural
output. Accordingly, loss of potassium channel function, or of gap
junctional complexes, leads to acquired deafness in humans and
mice (Kikuchi et al., 2000). Although this is a physiological
phenotype, cochlear endolymph potential requires the function of
channels such as Kcnk5 or Kcc4, which also regulate structural
phenotypes during development (Boettger et al., 2002; Cazals et al.,
2015). Thus, transmission of signal via differential regulation of
bioelectric signaling within a system is an apt analogy for building
sensitization within tissues through local creation and modulation of
differential electrical potential. The generation of such sensitization
may be a foundation for competence in tissues.

The regulative nature of development and bioelectric
signaling
Development is a robust process – it is able to accommodate
variation yet still unfolds in a predictable fashion. The regulative
capacity of developing systems has been an area of considerable
study, and is mediated in part due to feedback regulation within
and between structures and systems. This integration among parts of
the whole defines developmental modules (Gilbert et al., 1996).
Because of their unique properties of collective signaling,
electrically coupled cell populations and electrical fields are
attractive candidates for defining and establishing developmental
modules. A module in this case would be a collection of cells or
tissues connected such that, given a certain size or connectivity, a
state change occurs and acquisition of a new identity or behavior is
acquired across and within the tissue. This is similar to notions of
quorum sensing (see Glossary, Box 1) within tissue or cellular
structures, such that state changes require a threshold response
among components within a regional area (e.g. Widelitz and
Chuong, 2016). The conceptual definition presented here adds the
property of a functional collective, acting as a unit due to shared
bioelectric signaling. This property could contribute to, for
example, the scaling of growth of individual elements and organs,
which is essential for obtaining relative tissue proportions and sizes.
It has been shown that activation of Kcnk5b in zebrafish disrupts
scaling of adjacent paired lepidotrichial rays, which are elements
that are normally maintained at equal lengths to make up the
predominant skeletal elements of the fins (Murciano et al., 2007;
reviewed by Harris et al., 2020). Such higher-order regulation may
be essential to explain patterning phenotypes arising from mis-
regulated potassium channels.
Bioelectric signaling also has the capability to provide resilience

(see Glossary, Box 1) to the formation of a structure such that
variations in signaling or behavior in part of the system are buffered
(as discussed above). Indeed, resiliency in the face of variation
within a ‘physio-chemical’ system has been postulated as a
fundamental facet of electrical signaling (Burr and Northrop,
1955). Of note, such regulative properties have been attributed to
morphogenetic fields and may act in similar ways during
development. Harrison famously demonstrated the existence of
regionally defined, self-regulating areas of the embryo capable of
forming specific organ systems including the limb (Fig. 3B).
Importantly, if these areas were cut, divided or transplanted, they
still retained the ability to regulate pattern and type (De Robertis
et al., 1991). Bioelectric signaling would not necessarily need to
provide instructional cues within bioelectric fields – such attributes

that provide binary information about the state of a regional group of
cells would be sufficient.

A role for bioelectric signaling in regeneration
The processes of regeneration and development are subject to
similar regulatory mechanisms. It is therefore no surprise that
bioelectrical signaling has also been linked to regeneration. Tissues
and organs have a particular electrical signature, and it has been
known for over 150 years that damage to a tissue, such as a lesion
or fracture, can cause localized and heightened shifts in these
signatures. Based on pioneering work by Matthews (1903), which
was extended by Jaffe and Borgens among others (reviewed by
McLaughlin and Levin, 2018), it is clear that there are endogenous
electrical fields present across developing systems as well as in post-
embryonic and adult tissues that are responsive to change in that
system (e.g. damage or differentiation). When these fields are
experimentally altered, these changes can lead to a change in the
phenotypic qualities of the system, such as repair, regenerative
capacity and developmental patterning (Borgens et al., 1977; Levin,
2003). This topic has been extensively reviewed in several recent
articles (McLaughlin and Levin, 2018; Tyler, 2017). As such, I
focus here on core functions of bioelectric signaling as a unique
signaling property that initiates and integrates development in the
process of a regenerative response.

After damage in animals as well as in plants, bioelectric flux
across a tissue acts as an initial cue for repair (Burr et al., 1938;
Tyler, 2017). As in development, the bioelectric changes in tissues
after damage are tied to classic signaling cascades, such as those
triggered by secondary signaling mediators (e.g. PI3KOH; Zhao
et al., 2006) or by correlated changes in redox status leading to the
generation of reactive oxygen species (Ferreira et al., 2016). Cells
are also known to use electrical currents to instruct migration to
wound sites. This directional migration, or galvanotropism, due to
electric fields is thought to mediate early cell migration in wound
healing and regeneration (Reid and Zhao, 2014). It is tempting to
argue that galvanotopism may be a prevalent force that directs cell
migration during normal development; however, this hypothesis has
not yet been clearly proven.

Response to damage can be a component of a broader regenerative
response within newly formed tissue to reform lost structures.
Interestingly, a current flux is correlated with regenerative potential;
highly regenerative animals exhibit a distinct current reversal after
amputation, whereas non-regenerative animals generally lack this
characteristic (Reid et al., 2009; Reid and Zhao, 2014; Tyler, 2017).
As in development, such changes in electrical current in regenerating
systems have broad cellular effects linked to differential signaling
within cells. In earthworms undergoing regeneration of their bodies,
each segment has a specific electric potential, and growth ceases upon
re-attaining the field potential of a normally patterned worm (Kurtz
and Schrank, 1955; Moment, 1949). This observation has led many
to ask whether electrical signals might provide information
concerning normal patterning, function or state that is leveraged in
regenerative programs (Burr and Northrop, 1955; Jaffe, 1981; Levin,
2009). Amputated limbs and fins grow back to their previous sizes.
Could modulation of external electrical field dynamics as well as
shifts in tissue-level Vmem instruct this reformation? As field
dynamics are an electrical state imparted by the geometric
organization of structures, could this resting electrical state change
also be a trigger for loss?

Blocking or disrupting Vmem through expression/misexpression
of components of bioelectric signaling or exogenous voltage
application can lead to altered wound repair and disrupted or
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arrested regeneration of lost structures (reviewed by McLaughlin
and Levin, 2018). The evidence that application of exogenous fields
to wounds leads to increased wound healing (reviewed by Tyler,
2017) or enhanced regenerative responses (e.g. Tseng and Levin,
2013; Tseng et al., 2010) has led many to ask whether such
treatments can enhance recovery in damage and disease. Even in cases
of persistent ulceration and refractory wounds, the application of
electrostimulation shows clinical promise when performed in tandem
with standard treatment (Gould et al., 2015; Kloth, 2014; Koel and
Houghton, 2014). Application of electrical stimulation across skeletal
fractures also shows evidence of increased healing (e.g. de Haas et al.,
1980), while alterations to the endogenous electrical field in limb or
tail amputations can lead to increased growth and patterning of the
otherwise non-regenerative structures (Leppik et al., 2016; Oliveira
et al., 2019; Tseng et al., 2010). Thus, similar to findings of genetic
alterations in many channelopathies, modulation of the levels or the
direction of the electrical field across a tissue can cause gain-of-
function effects on tissue response parameters, in this context
exposing sufficiency of electrical signaling to drive repair of damaged
structures. This broader epimorphic role of electrical signaling for
informing and/or initiating a regenerative response is attractive
although not understood.

Conclusions and perspectives
It is clear that bioelectric signaling can influence development and
regeneration, albeit through multifaceted mechanisms occurring
at different levels of biological organization. This fact makes
empirical analyses of bioelectric signaling difficult and often
clouds interpretations of the data. This has led to calls for revised
experimental approaches in bioelectricity research that can prove
causation (Levin, 2020; Pezzulo and Levin, 2015). However, as
discussed here, a refocus of bioelectric research, centering on and
defining different levels of function, can parse inter-dependent roles
of bioelectric regulation and permit empirical analyses extending
beyond broad teratology. In particular, an overlay of bioelectric
signaling analyses onto a framework of developmental processes
and concepts, such as induction, competence, capacitance and
morphogenic fields, may provide important insights into the unique
role bioelectric signaling plays in organizing life, while still retaining
hypotheses that are addressable in reductionist analyses. Thus,
once broken down to the component levels of analysis – cell,
compartment, tissue, organ/structure and organism – the study of
bioelectric signaling can be embraced by the notion of developmental
mechanics, or ‘Entwicklungsmechanick’, as an empirical approach
(Dupont, 2017; Maienschein, 1991). The emergent properties
imparted via bioelectric signaling, which allow it to coordinate
functions within cells and tissues and across structures, may represent
a fundamentally unique property of development that stands apart
from, and integrates, canonical signaling networks.
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