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Regeneration requires exquisite orchestration of growth
and morphogenesis. A powerful but still largely myster-
ious system of biophysical signals functions during
regeneration, embryonic development and neoplasm.
lon transporters generate pH and voltage gradients, as
well as ion fluxes, regulating proliferation, differen-
tiation and migration. Endogenous bioelectrical signals
are implicated in the control of wound healing, limb
development, left-right patterning and spinal cord
regeneration. Recent advances in molecular biology
and imaging technology have allowed unprecedented
insight into the sources and downstream consequences
of ion flows. In complement to the current focus on
molecular genetics and stem cell biology, artificial
modulation of bioelectrical signals in somatic tissues
is a powerful modality that might result in profound
advances in understanding and augmentation of regen-
erative capacity.

‘Wonderful as are the laws and phenomena of
electricity when made evident to us in inorganic or
dead matter, their interest can bear scarcely any
comparison with that which attaches to the same force
when connected with the nervous system and with life’
(Michael Faraday, 1839).

Introduction

The repair of tissues lost to injury, senescence or disease is
a key goal of biomedicine. Regeneration (see Glossary) of
complex organs is fascinating because it is a fundamental
property of living things — recognition of damage and self-
repair — that still eludes our engineering efforts. The
enormous implications of understanding the mechanisms
of this ability were recognized very early and were
addressed by some of the greatest minds in the field at
the turn of the previous century [1]. However, most of the
fundamental questions are still with us today. How does a
system know it has been injured and when repairs should
stop? What is the nature of the information that controls
the geometry of new tissue? To what extent is regeneration
attributable to the function of a persistent group of undif-
ferentiated cells versus transformation of mature cells
from a differentiated state? Do the processes of regener-
ation recapitulate primary embryonic development or are
they an alternative pathway [2]? Is regeneration a special
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adaptation or is it an emergent, fundamental feature of
living systems? What is the role of stem cells and could
biophysical parameters, along with biochemistry, control
their properties?

A driving hypothesis is that understanding the signals
that normally guide cell behavior in the context of complex
morphogenesis will reveal the answers to these profound
questions and allow us to modulate tissue growth at will.
Biomedically induced regeneration is pursued today
mainly through manipulation of stem cells and chemical
control factors (secreted proteins and transcription factor
cascades). This approach also dominates the fields of de-
velopment and cancer biology. However, data collected
over the past 100 years indicate that ionic phenomena
(produced by ion transporter proteins in plasma and orga-
nelle membranes) underlie a little-understood but import-
ant aspect of cellular control [3].

Bioelectrical signals control cell behavior

Channels and pumps produce ion currents that segregate
charges and in turn generate voltage gradients across cell
membranes (the resting membrane potential). Gap junc-
tions are a passive conduit between cells that can establish
multicellular compartments in which voltage, pH and
specific ion concentrations are equalized. Bioelectrical sig-
nals encode information by modulation of specific ion
currents, which set up electric fields across cell and epi-
thelial membranes [4]. Early work demonstrated a role for
bioelectrical signals in regeneration (Box 1). Indeed, a
comparative analysis of membrane voltage properties of
various kinds of cell reveals a relationship between

Glossary

lon flux: movement of charges (across a cell membrane or through conductive
media, such as the cytoplasm or extracellular space). Current is the velocity of
this flux.

Voltage: difference of electric potential between two points (achieved by
separation of charges across a distance).

Bioelectricity: steady-state signals passed between cells and tissues and
carried by voltage gradients, ion flows and concentration domains (e.g. pH)
over a time scale of hours (in contrast to the rapid action potentials studied by
neurobiologists).

Regeneration: restoration of complex three-dimensional structures (organs,
tissues or appendages) after injury. This process can be achieved by renewal of
existing tissues, dedifferentiation or transdifferentiation of cells into other cell
types, or proliferation and differentiation of a resident stem cell population.
Morphostasis: maintenance of structure and form during physiological turn-
over.

Blastema: a mass of undifferentiated cells, appearing after injury, capable of
growth and regeneration to replace damaged organs or appendages.
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Box 1. Classical studies - a rich literature on bioelectricity

Classical studies by H.S. Burr, E.J. Lund and others demonstrated
using direct measurements of voltage gradients that changes in
these physical parameters are often correlated with morphogenetic
events in growth and patterning across the plant and animal
kingdoms [3,11]. The characterization of endogenous bioelectrical
signals was revolutionized by the development of the non-invasive
extracellular probe [44-46], which allowed study of ion currents in
the context of large-scale polarity [47]. Functional experiments
subsequently showed that these currents were not merely physio-
logical correlates of housekeeping events, but rather provided
specific instructive signals regulating cell behavior during embryo-
nic development and regenerative repair [48,49]. Roles for endo-
genous currents were found in polarization of cellular asymmetry in
the alga Fucus [49], in the patterning of chick and frog embryos
during gastrulation, neurulation and organogenesis [12,50,51], in
the directional transport of maternal components in the insect
oocyte [52], in the determination of anterior-posterior axial identity
of regenerates in the flatworm [53], in neural differentiation [54], and
in the guidance of a wide range of migratory cell types from
vertebrate species [55,56]. In several cases, spatially instructive
signaling could be demonstrated [53,57].

The mechanistic understanding of bioelectrical signals holds the
promise of allowing manipulation of these signals to achieve
rational control over growth and morphogenesis. Indeed, several
workers during the first ‘golden age’ of bioelectricity attempted to
modulate regenerative response [48,58]. Currently, the hypothesis
that regeneration is guided in part by electrically mediated signals is
supported by three main lines of evidence [48,59]: (i) strong currents
accompany regeneration events, and their magnitude, direction and
spatial distribution is often different in the wounds of species that
normally do not regenerate; (ii) inhibition of endogenous currents
specifically abrogates regeneration; and most strikingly (iii) artificial
induction of currents can induce a significant degree of regeneration
in normally non-regenerating species. Thus, this relationship is not
epiphenomenal — ion fluxes are a causal factor in determining
crucial aspects of cell state trajectory [59]. The possibility of altering
the differentiation status of committed, somatic cells is of profound
importance to the field of regenerative medicine, in which most of
the focus has been on embryonic stem cells.

depolarization and control of differentiation and
proliferation [5]. Importantly, a degree of dedifferentiation
can be induced by ionic modulation [6,7] and even mature
neurons can be coaxed to re-enter the cell cycle by long-
term depolarization, raising the possibility that a degree of
stem-cell-like plasticity could be induced in terminally
differentiated somatic cells by bioelectric signals [7-9].
Thus, membrane potential can serve as a
cell-autonomous control of cell differentiation and prolifer-
ation; the fluxes resulting from ion transport at the cell
surface can also provide long-range signals to neighboring
cells (by net current or through movement of specific ions).
Particularly important is the establishment of long-range
electric fields and currents by coordinated ion transport
through epithelia [10,11]. Such fields can provide cues for
migratory cells [12], and establish coordination of cell
behavior across large cell fields (Figure 1, Figure 2).
Because of space constraints, this review ignores several
fascinating signaling modalities, including biomagnetism,
ultraweak (mitogenetic) radiation [13] and electrostatic
properties of cells [3]. We also largely avoid the consider-
able literature on chemical gradients of ions (e.g. chemical
Ca”* signaling and pH) as distinct from the generation of
fields by their electrical properties (although of course
there is a very tight relationship between the two). Instead,
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the focus will be on the biggest recent strides that have
come in the understanding of the roles of endogenous
bioelectrical events: long-term (steady state) voltage gra-
dients and ion flows.

The resurgence of studies on ion fluxes in cell and
developmental biology

Although the importance of bioelectrical events for
regeneration has been suspected for over 100 years [14]
and pursued using physiology, now is a particularly excit-
ing time because of a convergence of multidisciplinary
techniques and datasets, which promises to enable a
radical advance in our understanding of the integration
of biophysical and biochemical control mechanisms [15].
First is the development of highly sensitive ion-selective
extracellular electrode probes [16] and fluorescent reporter
dyes, which enable the noninvasive real-time monitoring of
pH, membrane voltage and ion flow in any optically tract-
able system. For the first time, such four-dimensional
datasets are allowing an unprecedented level of under-
standing of endogenous electrical properties of morpho-
genetic systems. Second, in recent years, ion transporters
have been implicated in several aspects of cell biology
relevant to regenerative ability, including control of cell
number, location and differentiation (Box 2, Box 3).

The work of neurobiologists and kidney physiologists
has resulted in the availability of a large number of
expression constructs encoding ion transporters that can
be used as a molecular tool for rationally altering the
electrical activity of cells and tissues. Morpholino knock-
down and construct misexpression are finer tools than the
classical technique of applying current with electrodes and
enable both specific loss-of-function for electrical signals as
well as rescue experiments, allowing elegant demon-
strations of necessity and sufficiency. Finally, several
recent studies have made significant inroads towards mer-
ging genetic and biophysical analysis at a cellular level,
providing the first clues into the mechanistic control of
regeneration [17,18], as well as the molecular steps trans-
ducing membrane voltage changes into canonical second
messenger pathways [19]. This review will discuss several
recent studies that have synthesized physiological and
molecular data, and highlight the most interesting themes
emerging in this field that have the potential to alter
significantly the landscape of regenerative and develop-
mental biology.

Considerations for bioelectrical control of

regeneration and complex morphogenesis

Coherent regenerative response requires integration of
proliferation, cell movement and differentiation (Box 3)
to restore large amounts of tissue while avoiding the run-
away growth of cancer (Box 4). Not surprisingly, given the
role of ion flux in proliferation control, ‘channelopathies’
have increasingly been implicated in neoplasm [20,21]. In
programmed cell death, the flip side of induction of mitosis,
it is now clear that ion transport (especially by K* chan-
nels) and membrane hyperpolarization are paramount
[22,23]. Because cell death is becoming increasingly
appreciated as a required component of regeneration
[24], control of apoptosis might be one mechanism by which
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Figure 1. Cell-autonomous bioelectrical states. (a) Membrane voltage is correlated with proliferative potential and differentiation state. This sample of data (from Ref. [5])
illustrates the observation that tumor and embryonic (proliferative) cells tend to be highly depolarized; by contrast, terminally differentiated quiescent cells tend to be
strongly polarized. The data indicate that this relationship is functional and not merely an epiphenomenon [3]. The position of the liver (highlighted in yellow) near the
proliferative component of the scale is consistent with the relationship between membrane voltage and cellular plasticity, in light of its unique (high) regeneration potential.
The properties of stem cells along this scale remain to be investigated. (b) lllustration of different possible mechanisms by which membrane voltage levels and intracellular
pH and K* concentration are transduced to transcriptional responses. Some can impinge directly on transcriptional machinery, whereas others (schematized by connections
to the nucleus as a whole) need to be transduced by canonical mechanisms. Clockwise from the top, these mechanisms include: entry of small molecule signals through
voltage-gated gap junctions, voltage-dependent conformation changes in integrin-associated proteins, Ca* entry through voltage-gated Ca®* channels, entry of small
signaling molecules, such as neurotransmitters, through voltage-powered transporters, voltage-sensitive phosphatase (VSP) activity, and changes in cytoplasmic content
of H*, K* and other ions. 5-HT, serotonin, an example of a small molecule signal that could traverse gap junctional (GJC) paths under an electrophoretic force. Blue
lightning-bolts represent membrane voltage potentials. (¢c) Membrane voltage can be thought of as a single number at first approximation, but varies along the cell surface
as schematized here: each microdomain can support a different set of ion transporters because of complex localization. Thus, like an epithelium [10], the cell membrane can
encode an enormous amount of information as a two-dimensional field of voltage potential values (expressing the effects of many nonisotropic domains of transporter
function over the surface of a cell). Abbreviations: D1, domain 1; D2, domain 2; F1, flux from domain 1; F2, flux from domain 2.

ion fluxes shape regenerative response. Ion currents and and regeneration of complex structures. Recent findings
transmembrane voltage potential thus control cell number have implicated the calcineurin pathway as linking
— a key parameter in regenerative events. Kir2.1-mediated hyperpolarization with differentiation in

Ion flows are also involved in differentiation control, human myoblasts [25]. One recent example in which bioe-
which is an important aspect of both primary development  lectrical controls of large-scale morphogenesis have been
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Figure 2. A schematic of long-range bioelectrical events that link subcellular ion transporter localization to long-range signaling. A sheet of cells connected by tight

junctions (a) generates a transepithelial potential because each cell is physiologically pol

arized: by localizing particular ion transporters at its apical versus basal end (b), the

sheet achieves separation of bulk ions in the same way as occurs across a cell membrane. Any wound made in the sheet allows the ions to short-circuit, generating strong

currents; thus, not only are individual cells affected by their own membrane voltage lev

els (Figure 1), but can also signal to neighboring cells through the induced electric

field and ion flow. (c) Cells finding themselves in the presence of a surrounding field Ep will experience spatially inhomogeneous depolarization or hyperpolarization along

the direction of the field. Membrane voltage at a point in the circumference at angle 6

(angular position around the periphery) will be equal to the baseline membrane

voltage of the cell in the absence of the field (e.g. —70 mV) minus V, e cosine (6), where V, is the voltage change due to the field Ep for a cell of radius r. The equation shows

how the initial voltage of a cell (—70 mV) is altered around the periphery of the cell. On

the left side, it will be driven more positive by an amount equal to V,. On the right

side, it will be driven further negative by an amount equal to V. In between, it will be affected by smaller amounts, equal to V, e cos (0). This in turn can provide directional

signals by differentially gating small molecule transporters on opposite sides of the

cell with respect to the field direction. (d) Yellow circles show a small signaling

molecule, such as serotonin, entering on one side of the cell via the membrane-voltage-gated transporter. These events can provide migration cues as well as alter
proliferation and differentiation states in a manner coordinated with the axial patterning of the organism (as the epithelial field can convey large-scale orientation
information with respect to the whole organism or an appendage). The outline of the epithelial cell in (b) is taken from a diagram by Jim Swan at webanatomy.net.

characterized in significant molecular detail is in patterning
of the left—right axis in vertebrate embryos [26]. It is now
known that H* fluxes and membrane voltage gradients are
oriented with respect to the prospective left-right axis of the
embryo at very early stages of development [27]. Imposed
across fields of cells connected by gap junctions, this asym-
metric battery appears to exert an electrophoretic force
that produces a net gradient of intracellular serotonin
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through long-range paths of gap-junction-coupled cells
(demonstrating how bioelectric events on the scale of a
single cell can pattern a major body axis). This system
has recently been mathematically modeled [28], as a step
towards the synthesis of genetic and physiological data into
quantitative, predictive models of the events linking ion
transporter protein localization in single cells to large-scale
morphogenetic gradients.
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Box 2. Bioelectrical controls of regeneration - limbs and
nervous system

Amputated amphibian limbs maintain a current of injury — a direct-
current signal that is very different in regenerating and non-
regenerating animals. In the latter, the current decreases slowly as
the limb heals, whereas the former exhibits first a positive polarity
(similar to the non-regenerative organism), and then a sharp switch
to negative polarity, the peak voltage of which occurs at the time of
maximum cell proliferation. For example, in salamander and newt
limbs, which have superb regenerative ability, several hours after
amputation the density of stump current reaches 10-100 mA/cm?
and the electric field is about 50 mV/mm [60]. Currents leave the end
of the stump, and re-enter the skin around the limb. The relevant
currents can be measured for weeks or months — much longer than
the time needed for the damaged cells to either recover or die,
refuting the simple model that the fields reflect passive ion leaks
from damaged cells. The studies that simply correlated changes in
voltage and currents were followed by functional experiments.
Interfering with the required regeneration gradients via electrical
isolation, shunting, ion channel blockers or exogenous reversal of
the gradient inhibited regeneration in several systems [51,61-63],
demonstrating that these biophysical events were causal factors
regulating regeneration.

Another set of crucial experiments demonstrated sufficiency of
the electrical signals in inducing or augmenting regeneration
[64,65]. Guided by measurements of field density, voltage gradient
and direction in endogenous regenerating systems, several labora-
tories showed that application of exogenous fields (with physiolo-
gical parameters) can induce limb regeneration in species that
normally do not regenerate, including Amphibia [66-69], Aves [70]
and possibly even mammals [71,72], although the rodent data have
not been reproduced in other laboratories. For example, when
0.1 mA DC current was artificially pulled out of the stumps of
amputated adult Xenopus and Rana forelimbs, treated animals (but
not controls) formed broad bifurcated structures [68] containing
nerve trunks within the cartilage core and mature epidermal
papillae. Cathodal current initiated partial regeneration (including
extension of severed ulna, and production of muscle, ligament and
isolated partially segmented cartilage). Implantation of sham
electrodes (carrying no current) produced no deviations from the
normal response.

Nerve supply is a key factor in regeneration [73]. The observation
that neurites are galvanotactic [74] and that applied fields induce a
striking hyper-innervation of electrically treated limbs led several
investigators to hypothesize that blastema currents induce regen-
eration by attracting migratory neuronal cells to the regeneration
site [75]. Exogenous currents can induce regeneration of both
peripheral and central nervous tissue, and have shown promise in
treating spinal cord injuries in human patients [76].

Bioelectrical control of cell migration during
regeneration
Recent work has explored the mechanisms of cell
orientation and growth guidance in physiological electric
fields [11]. One study focused on molecular characteriz-
ation of the signaling pathways that allow endogenous
electric fields to guide cell migration in the mammalian
corneal epithelium in vivo. Corneal wounds short-circuit
the transepithelial potential, leading to 4 wA/cm? currents
directed into the wound center [18]. Studies using an in
vitro assay showed that fields of physiological strength
could act as directional cues for neutrophils, fibroblasts
and epithelial cells. Moreover, chemical and pharmacologi-
cal manipulation of ion flux in situ can accelerate or retard
corneal wound healing in a manner consistent with the
modulation of transepithelial potential [18].

Crucially, they were able to use this elegant system to
probe the mechanisms by which electric cues are transduced
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Box 3. Does ion transport function in the mapping of three-
dimensional pattern on to two-dimensional skin?

In normal development of the vertebrate limb and in regeneration in
Hydra, the ectoderm possesses ‘organizing’ properties and is
required for outgrowth. Indeed, ion currents are spatially predictive
for initiation of limb development [77]. Classical surgical recombi-
nation and irradiation experiments showed that in species that
regenerate limbs, it is the skin that appears to possess the ability to
initiate regeneration [78]. Thus, an attractive hypothesis [2,10] is that
this crucial ability is mediated, at least in part, by the capacity to
produce ion currents into the outside milieu that affect underlying
mesenchyme cells. A passive ‘leak’ mechanism results (see Figure 2
in the main text) when breakdown of tight junctions leads to strong
fields generated by the ubiquitous transepithelial potential [2]. This
might be especially significant in the MRL mouse strain, in which
basement membrane breakdown appears to be a key component of
the augmented healing response [79]. By contrast, the epithelium
can also provide an active bioelectric component by upregulating
ion transporters that provide specific ion flows overlying a blastema
or growth bud after it covers the wound. Both processes could result
in depolarization-induced dedifferentiation of mature cell types to
provide stem-like cells that are the basis for new tissue growth, and
galvanotactic induction of innervation (which is known to be a
crucial factor for regenerative potential).

into cellular responses in this system. Exposure of both
neutrophils and keratinocytes to electric fields in serum-
free medium induced rapid, specific and long-term phos-
phorylation of protein kinases including mitogen-activated
protein kinase (MAPK), ERK, Src and Akt. As occurs in the
canonical chemotactic cue responses, phosphorylated Src
and phosphatidylinositol-3,4,5-triphosphate [PtdIns(3,4,5)
P3; PIP3] were shown to be polarized in the direction of

Box 4. Cancer - regeneration’s bioelectric twin?

Regeneration has a fascinating inverse relationship with cancer
[80-82]: regenerating species rarely exhibit tumors, and if limb
regeneration is initiated by cutting in the middle of a tumor, the
tumor cells can be transformed into normal limb tissue [83]. The
inverse relationship between ability to regenerate and susceptibility
to cancer throughout taxa is unexpected, because simple theories of
‘growth potential’ would predict that animals with more permissive
growth programs would also be more amenable to cancer. Likewise,
it is surprising that many normal cells (in tissues with strong
regenerative potential), such as epithelial cells within the small
bowel crypt, have very rapid proliferation rates but show an
extremely low rate of malignant transformation [84]. Interestingly,
both of these cases involve tight control over ion flux (strong
physiological polarization). As predicted by the proposal that ionic
mechanisms form a fundamental system of growth control,
bioelectric events have been strongly implicated in neoplasm.

Manipulation of membrane H* flux can confer a neoplastic
phenotype [85]; voltage-gated sodium channels potentiate breast
cancer metastasis [86], and channels of the ERG family have been
implicated in a variety of cancers [20]. In the case of KCNKO9, it is
known that the oncogenic potential depends on K* transport
function per se, not on another role of the protein [87]. lon channels
and pH levels (both intracellular and extracellular) have been
implicated in cell cycle control [88]. The sodium-hydrogen exchan-
ger NHE1 can control the G,—M transition by control of intracellular
pH [89], and depolarization appears to interface to the cell cycle
through cyclin D1 degradation [90]. Taken together, these data
underscore the fundamental underlying unity of pattern control
mechanisms in regeneration, development and cancer and indicate
that advances made in fundamental control mechanisms of shape
and cell number will have profound impact on several important
fields.
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migration. Interestingly, they also reported that a mutant
strain of Dictyostelium lacking the G protein subunit was
unable to demonstrate chemotaxis but did show a robust
electrotactic response. Thus, although electrical stimuli can
be detected by cells independently of chemokine sensory
pathways, it appears that they both feed into the same
second messenger cascade.

To demonstrate conclusively that these signaling
cascades were indeed important for electrotaxis, the group
showed that electric guidance was significantly abrogated
in cells from a phosphatidylinositol-3-OH kinase-y (PI3Ky)
knockout mouse (in both monolayer wound healing and
single-cell migration assays), as well as when PtdIns(3)K
activity was pharmacologically blocked [18]. This is the
first identification of a specific gene involved in electric-
field-induced cell migration. The study then followed the
PIP3; mechanism further, capitalizing on a tissue-specific
deletion of the PTEN gene in keratinocytes (the lipid
phosphatase PTEN negatively regulates the PISK and
Akt pathway by reducing the available amount of
PtdIns(3,4,5)P3). Genetic abrogation of pfen enhanced
ERK and Akt phosphorylation, and potentiated field-
induced keratinocyte migration. These results implicate
function of the tumor suppressor PTEN in the response of
cells to electrical signals. This is a very important result,
because PTEN is an important regulator in several other
regulatory contexts, and thus might implicate membrane
voltage in novel areas of cancer and developmental biology
[29].

This system also allowed the authors to isolate and focus
upon the mechanisms sensing the fields (rather than those
producing them). Although the magnitude and direction of
corneal and skin wound currents were the same in
wild-type and PI3Ky knockout mice, a corneal explant
system revealed that the mutant cells had significantly
reduced ability to respond to fields that normally acceler-
ate or retard healing [18]. These data are not only an
exciting example of the molecular-cell-biological dissection
of how complex cell behaviors in a biomedically important
context are induced by external bioelectric cues, but they
also provide the opportunity to use these knockout mice to
examine what other aspects of healing might rely on
bioelectrical signals.

Bioelectrical signals in the regeneration of complex
tissues

A recent study has uncovered the involvement of H" flux in
the regeneration of a complex vertebrate appendage: the
tail of Xenopus larvae, which contains spinal cord, muscle
and vasculature [17]. Although ion flows have been impli-
cated in regeneration previously (Box 2), this is the first
time that both the molecular source of the relevant cur-
rents and the downstream signaling cascades have been
integrated with the physiological data. This study comp-
lements the type of work described above because it high-
lights cell-autonomous mechanisms (rather than the
extracellular electric field guidance) and reveals an active
pump mechanism upregulated specifically during regen-
eration, in contrast to ‘passive’ injury currents that result
from breaks into ubiquitously polarized epithelia during
limb regeneration [2].
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An inverse pharmacological screen was performed [30],
using a panel of channel and pump inhibitors to identify
ion transporters involved in tail regeneration [17]. The
screen implicated the V-ATPase H* pump, and subsequent
molecular loss-of-function and rescue experiments showed
that it is necessary for appendage regeneration but not for
simple wound healing. Cell-surface V-ATPase is upregu-
lated (at the mRNA and protein levels) within 6 h of
amputation. Although it is still unclear what events lead
to the upregulation of V-ATPase in wound epithelium, the
very rapid response and V-ATPase-dependent expression
of downstream gene expression indicate that this is an
extremely early step in the regeneration process.

Membrane voltage dye analysis revealed two special
zones: a hyperpolarization of the bud driven by H* efflux
at the wound edge, and a depolarized region at a distance of
~300 wm from the regeneration bud. In the absence of this
state (achieved by altering H" pumping and membrane
voltage in several different ways), the mitotic increase that
normally rebuilds the bud does not take place. This inhi-
bition of mitosis was not detected outside the regeneration
zone, showing that regeneration (but not morphostasis and
normal growth) is uniquely dependent on this set of bioe-
lectrical events. The axons approaching the regeneration
bud were severely disorganized when H* pump activity
was abrogated, indicating that this signal provides not only
a permissive ‘go’ or ‘no-go’ signal for the regeneration
program, but also contributes morphogenetic information.
Most excitingly, it was shown that within a natural ‘refrac-
tory’ period, during which tails cannot normally regenerate
at all [31], normal regeneration of the whole tail can be
induced by artificial expression of a heterologous (yeast)
plasma membrane H" pump, demonstrating that it is
indeed the specific ion flux per se that is necessary and
sufficient for regeneration. This finding is important
because several ion channels and pumps have scaffolding
roles unrelated to their ion transport [32]. Although the
experimental induction of regeneration response remains
to be fully optimized, these data indicate that artificial
modulation of wound physiology by gene therapy, with a
judicious choice of ion transporters, is a biomedically
promising direction for augmenting and inducing regen-
eration in otherwise non-regenerating tissues.

The data suggested a model whereby the induction of
strong H" pump expression and activity at the wound
induces two distinct physiological events: an electric field
that attracts innervation to the bud [33] and a depolariz-
ation of more rostral cells that perhaps upregulates pro-
liferation [9] (and, consistent with previous data [5], can
induce a degree of plasticity necessary for mature somatic
cells to rebuild the tail). These events are upstream of the
induction of mitosis, the expression of known regeneration
cascade genes and the correct patterning of nerve and
muscle components. The next steps must involve character-
ization of the roles of the rostral cell group (and identifi-
cation of other ion transporters responsible for their rostral
depolarization), as well as a precise quantitative specifica-
tion of the pH and membrane voltage ranges that are
permissive for regeneration, so that cocktails of expression
constructs can be rationally designed for testing in mam-
malian systems.



How are changes in membrane voltage transduced

to downstream pathways?

The linkage of membrane voltage changes to canonical
genetic readouts is one of the major questions facing the
field today. Voltage-gated ion channels are certainly
affected by membrane potential changes, but this merely
puts the problem off one step, because their activity still
needs to be transduced into changes in gene expression. In
some studies, effects seem to be dependent on precisely
which transporter is involved, indicating that the type of
ion and perhaps the dynamics of its movement also act as
signals [34]. Because membrane voltage is only a single
parameter (having limited information capacity), it is
likely that the true richness of bioelectrical signaling
can be fully appreciated only by considering the microdo-
mains of transporter activity distributed across the entire
two-dimensional surface of a cell: these inhomogeneities
comprise a field of potential values that, because of their
spatial distribution, can encode enormous amounts of
developmental information (Figure 1c).

Several candidate mechanisms are now available for
testing. The most obvious possibility is Ca®" influx (vol-
tage-sensitive Ca®* channels) [35], although in some
instances of K*-dependent signaling, Ca®" fluxes were not
affected by K* channel activity, showing that proliferative
effect is not always due to modulation of intracellular Ca®*
[36]. Other possible mechanisms [37] include: (i) modulation
of the activity of voltage-sensitive small-molecule transpor-
ters, such as the voltage-sensitive serotonin transporter,
which could thus convert membrane voltage into the influx
of specific chemical signals; (ii) redistribution of membrane
receptors; (iii) electrophoresis of morphogens through
cytoplasmic spaces; and (iv) activation of 31 integrin signals
by conformational changes in membrane proteins [31].

Several other possibilities can now be examined. First,
it is now clear that the nuclear membrane possesses its
own complement of ion transporters, the activity of which
expands this field past cell surface events [38]. Second,
direct changes of specific transcriptional element activity
by intracellular potassium ion concentration might med-
iate ion-specific events independent of membrane voltage
per se; this mechanism can involve the DNA-binding
activity of such important signaling molecules as p53,
forkhead and cAMP-response-element-binding protein
(CREB) [39]. Third, depolarization has recently been
shown to lead to subcellular translocation of NRF-2 tran-
scription factor, providing a mechanistic link between
membrane voltage and transcription [40].

A recent discovery: voltage-gated phosphatase

activity

Perhaps the most exciting recent discovery bearing on this
issue is voltage-sensitive phosphatase (VSP) — a phosphoi-
nositide phosphatase that converts PtdIns(3,4,5)P5; to
PtdIns(4,5)P; in a manner regulated by a voltage sensor
domain [19]. Local levels of PtdIns(4,5)P, affect other chan-
nels in feedback loops and control the cytoskeleton and
nuclear effectors. The discovery of a protein that can trans-
duce membrane voltage into all of the potential downstream
pathways controlled by this powerful second messenger
system [29] provides a plethora of testable hypotheses of
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how membrane depolarization functions in a variety of
patterning systems involving migration, apoptosis and pro-
liferation. Crucially, it was shown that wound healing
control by endogenous electric fields is mediated by PTEN
[18], adding weight to the possibility that PTEN could be a
widely conserved and important means of integrating cell-
autonomous ion flows into second messenger and transcrip-
tional responses.

Thus, modulation of PTEN signaling by the
voltage-dependent activity of VSP, of serotonin transport
by the cell membrane serotonin transporter SERT (which
is driven by transmembrane potential), and other mech-
anisms discussed above provide an extremely rich toolkit
for manipulating morphogenesis during regeneration. All
of these mechanisms necessarily feed into transcriptional
cascades, and the Notch pathway is emerging as an import-
ant genetic ‘sensor’ for bioelectrical events [41]. A second
major direction in this field is to determine which types of
regenerating system depend on bioelectric events as func-
tional, instructive signals. Examination of biophysical
aspects of regeneration in species that use tissue renewal
(deer antlers, Xenopus tail), adult stem cells (planaria),
and dedifferentiation or transdifferentiation (axolotl limb)
is likely to reveal that all of these types of regenerative
responses involve ionic signals. In each of these cases, it
will have to be determined (i) whether the bioelectric
component contributes morphogenetic information or is
a simpler initiator of regeneration programs; (ii) whether
localized ion concentrations are key or whether long-range
electric fields are primary; (iii) how changes in the expres-
sion and function of specific transporters are initiated by
the earliest events resulting from injury; and (iv) whether
cell position, proliferation and/or differentiation trajec-
tories are being controlled by the bioelectrical events. Work
in planaria, Xenopus, chicks and rodents is ongoing;
particularly fruitful mammalian systems include the liver
and the MRL ‘superhealer’ mouse (a strain with signifi-
cantly increased regenerative abilities).

Bioelectrical signals are able to guide the
morphogenesis of structures on several scales (from single
cells to whole embryonic axes). Thus, the linking of differ-
ent levels of morphogenetic organization by ion flux-de-
pendent mechanisms is an important component of
systems biology (Figure 3); such mechanisms allow the
coordination of subcellular polarization mechanisms with
long-range (potentially organism-wide) morphogenetic
polarity — a profoundly powerful and flexible system of
cellular control. The field is now poised for crucial
advances in the biophysics of regeneration. The implica-
tion of ion flow controls in other regenerative organs
and appendages can now be facilitated by reverse pharma-
cological (transporter inhibitor) screens [30] and by
ever-growing microarray data, which implicate specific
transporters. Datasets comparing gene expression in dis-
ease states and normal developmental processes often
contain upregulated or downregulated ion transporter
transcripts that are waiting to be functionally tested
and characterized using the multidisciplinary tools of mol-
ecular biophysics [15]. Insight into their functional roles and
into the ways in which cell behavior can be manipulated by
this novel set of controls will be transformed by two new
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Figure 3. A functional schematic of subcellular and organism-wide bioelectrical control mechanisms. (a) This diagram illustrates the logical connection between two
organizational levels affected by ion flux events (low-level, represented by the inner group of subcellular events, and higher-level, represented by the outer ring of
coordinated cellular responses). A bioelectrical event gives rise to several specific subcellular events, including the import of Ca?* and small molecule signals, changes in
phosphatase activity and conformational changes in integrin signals (schematized in the inner portion of the diagram). Combinations of these changes, in the context of
other events directed by canonical biochemical signals, in turn result in changes in cell number, position or fate. Events shown in red are cell autonomous; events shown in
yellow are not cell autonomous. Events initiated immediately by ionic signals (blue arrows) are low level, occurring inside single cells. Events located on the outer ring
encompass coherent cell behavior programs. (b) Ultimately, bioelectric events give rise to even higher-order morphogenetic events, such as outgrowth and remodeling,
occurring on the scale of organs, appendages or whole organisms. The initiation and reception of ion-mediated signals thus integrates developmental programs across
several levels of scale and organizational complexity, being performed by single cells, cell sheets and organs or appendages. (c) A logical schematic of one possible
bioelectric cascade during regeneration, leading from injury to the expression of specific transporters in the wound. These set up specific pH and membrane voltage
domains, as well as long-range electric fields — epigenetic signals that ultimately affect the number, position and types of cell in the blastema. These changes are
coordinated with downstream genetic cascades to restore morphology of the tissue or organ being regenerated.

technologies made possible by developments in molecular
genetics and fluorescence technology.

First, fluorescence-activated cell sorting (FACS) might
be able to identify adult stem cells within a specific region
of the phase space defined by independent pH, membrane
voltage and [K'] detection using multiple fluorescent
reporter dyes. Second, transgenic organisms expressing
pH-dependent fluorescent reporters [42] will enable the
monitoring of the physiome in vivo during a wide variety of
endogenous and experimental conditions in a multitude of
tissues and organs (for example enabling the testing of pH
and depolarization-reporter dyes as a mechanism of iden-
tifying early-stage neoplastic cells). Even more exciting is
the prospect of transgenic organisms constitutively expres-
sing a light-gated ion channel or pump [43]. This is cur-
rently in development in our laboratory and will be an
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extremely powerful tool because the experimenter will be
able to examine the consequences of activating a specific
current in any region using light. In the context of embryo-
nic development or regeneration, the ability to regulate ion
flows precisely spatially and temporally will lead to a
profound increase in our understanding of the functional
roles of bioelectric events.

Summary

Physiological data have long implicated ion flows and
voltage gradients in the guidance of regenerative processes
in vertebrate and invertebrate systems. Gain-of-function
applications have suggested that this powerful system of
cellular control is a promising modality for augmenting
limb and nerve regeneration. In the last few years, bio-
physical and genetic studies have shed light on molecular



mechanisms of cell motility guidance and left-right
patterning by endogenous voltage gradients and several
ion channels have been implicated in growth control
relevant both to cancer progression and normal morphos-
tasis. Most excitingly, recent studies have integrated cell
biology, in vivo physiology and molecular genetics to reveal
how endogenous bioelectric signals control corneal healing
in the mouse [18] and regeneration of muscle and spinal
cord in the tadpole tail [17]. Crucially, the discovery of a
voltage-regulated phosphatase [19] suggests a tantalizing
set of hypotheses about how changes in membrane voltage
can be transduced to multiple downstream effector cas-
cades. These findings, together with recent developments
in fluorescent technology that allow an unprecedented
degree of insight into, and control of, bioelectric events
in real-time, position this extremely fertile area for rapid
progress in novel directions. A multidisciplinary analysis
of biophysical events in several tractable model species will
reveal fundamental, conserved signaling mechanisms. The
integration of genetic and physiological data into predic-
tive, quantitative, computer models of complex morpho-
genesis will be of high significance not only for basic
evolutionary, developmental and systems biology, but
will also give rise to profound advances in regenerative
technology and biomedicine.

Acknowledgements

We thank numerous members of the biophysics community for helpful
discussions, and apologize to the many authors whose work could not be
specifically cited because of format restrictions. In particular, we thank
Richard Nuccitelli, Richard Borgens, Ken Robinson, Peter Smith (and
other members of the MBL’s BioCurrents Center) for assistance and
support. This work was supported by March of Dimes grant #6-FY04-65,
American Heart Association Established Investigator Grant #0740088N,
NHTSA grant DTNH22-06-G-00001, and NIH grant 1-R01-GM-06227.
This manuscript was written in a Forsyth Institute facility renovated
with support from Research Facilities Improvement Grant Number
CO6RR11244 from the National Center for Research Resources, National
Institutes of Health.

References
1 Morgan, T. (1901) Regeneration, Macmillan
2 Borgens, R.B. (1984) Are limb development and limb regeneration both
initiated by an integumentary wounding? A hypothesis. Differentiation
28, 87-93
3 Levin, M. (2003) Bioelectromagnetic patterning fields: roles in embryonic
development, regeneration, and neoplasm. Bioelectromagnetics 24, 295—
315
4 Robinson, K.R. (1989) Endogenous and applied electrical currents:
their measurement and application. In Electric Fields in Vertebrate
Repair, pp. 1-25, Alan R. Liss
5 Binggeli, R. and Weinstein, R. (1986) Membrane potentials and sodium
channels: hypotheses for growth regulation and cancer formation based
on changes in sodium channels and gap junctions. J. Theor. Biol. 123,
377-401
6 Harrington, D.B. and Becker, R.O. (1973) Electrical stimulation of
RNA and protein synthesis in the frog erythrocyte. Exp. Cell Res.
76, 95-98
Cone, C.D. and Cone, C.M. (1976) Induction of mitosis in mature
neurons in central nervous system by sustained depolarization.
Science 192, 155-158
8 Stillwell, E.F. et al. (1973) Stimulation of DNA synthesis in
CNS neurones by sustained depolarisation. Nat. New Biol. 246,
110-111
9 Cone, C.D. and Tongier, M. (1971) Control of somatic cell mitosis by
simulated changes in the transmembrane potential level. Oncology 25,
168-182

~

www.sciencedirect.com

TRENDS in Cell Biology Vol.17 No.6 269

10 Robinson, K. and Messerli, M. (1996) Electric embryos: the embryonic
epithelium as a generator of developmental information. In Nerve
Growth and Guidance (McCaig, C., ed.), pp. 131-141, Portland Press

11 McCaig, C.D. et al. (2005) Controlling cell behavior electrically: current
views and future potential. Physiol. Rev. 85, 943-978

12 Shi, R. and Borgens, R.B. (1995) Three-dimensional gradients of
voltage during development of the nervous system as invisible
coordinates for the establishment of embryonic pattern. Dev. Dyn.
202, 101-114

13 Gurwitsch, A.A. (1988) A historical review of the problem of
mitogenetic radiation. Experientia 44, 545-550

14 Mathews, A.P. (1903) Electrical polarity in the hydroids. Am. J.
Physiol. 8, 294-299

15 Adams, D.S. and Levin, M. (2006) Strategies and techniques for
investigation of biophysical signals in patterning. In Analysis of
Growth Factor Signaling in Embryos (Whitman, M. and Sater, A K.,
eds), pp. 177-262, Taylor and Francis Books

16 Smith, P.J.S. et al. (2007) Principles, development and applications of
self-referencing electrochemical microelectrodes to the determination
of fluxes at cell membranes. In Methods and New Frontiers in
Neuroscience (Michael, A.C., ed.), pp. 373-405, CRC Press

17 Adams, D.S. et al. (2007) H" pump-dependent changes in membrane
voltage are an early mechanism necessary and sufficient to induce
Xenopus tail regeneration. Development 134, 1323-1335

18 Zhao, M. et al. (2006) Electrical signals control wound healing through
phosphatidylinositol-3-OH kinase-y and PTEN. Nature 442, 457-460

19 Murata, Y. et al. (2005) Phosphoinositide phosphatase activity coupled
to an intrinsic voltage sensor. Nature 435, 1239-1243

20 Arcangeli, A. (2005) Expression and role of hERG channels in cancer
cells. Novartis Found. Symp. 266, 225-232

21 Sennoune, S.R. et al. (2004) Plasmalemmal vacuolar-type H*-ATPase
in cancer biology. Cell Biochem. Biophys. 40, 185-206

22 Svoboda, K.R. et al. (2001) Activity regulates programmed cell death of
zebrafish Rohon-Beard neurons. Development 128, 3511-3520

23 Lauritzen, I. et al. (2003) K*-dependent cerebellar granule neuron
apoptosis. Role of task leak K* channels. JJ. Biol. Chem. 278, 32068—
32076

24 Tseng, A.S. et al. (2007) Apoptosis is required during early stages of tail
regeneration in Xenopus laevis. Dev. Biol. 301, 62—-69

25 Konig, S. et al. (2006) The calcineurin pathway links hyperpolarization
(Kir2.1)-induced Ca?* signals to human myoblast differentiation and
fusion. Development 133, 3107-3114

26 Levin, M. (2006) Is the early left-right axis like a plant, a kidney, or a
neuron? The integration of physiological signals in embryonic
asymmetry. Birth Defects Res. C. Embryo Today 78, 191-223

27 Adams, D.S. et al. (2006) Early, H*-V-ATPase-dependent proton flux is
necessary for consistent left-right patterning of non-mammalian
vertebrates. Development 133, 1657-1671

28 Esser, A.T. et al. (2006) Mathematical model of morphogen
electrophoresis through gap junctions. Dev. Dyn. 235, 2144-2159

29 Li, L. et al. (2002) PTEN in neural precursor cells: regulation of
migration, apoptosis, and proliferation. Mol. Cell. Neurosci. 20, 21-29

30 Adams, D.S. and Levin, M. (2006) Inverse drug screens: a rapid and
inexpensive method for implicating molecular targets. Genesis 44, 530—
540

31 Slack, J.M. et al. (2004) Cellular and molecular mechanisms of
regeneration in Xenopus. Philos. Trans. R. Soc. Lond. B Biol. Sci.
359, 745-751

32 Hegle, A.P. et al. (2006) A voltage-driven switch for ion-independent
signaling by ether-a-go-go K+ channels. Proc. Natl. Acad. Sci. USA 103,
2886-2891

33 Britland, S. and McCaig, C. (1996) Embryonic Xenopus neurites
integrate and respond to simultaneous electrical and adhesive
guidance cues. Exp. Cell Res. 226, 31-38

34 Ng, C.K. and McAinsh, M.R. (2003) Encoding specificity in plant
calcium signalling: hot-spotting the ups and downs and waves. Ann.
Bot. (Lond.) 92, 477-485

35 Sasaki, M. et al. (2000) Dynamic regulation of neuronal NO synthase
transcription by calcium influx through a CREB family transcription
factor-dependent mechanism. Proc. Natl. Acad. Sci. USA 97, 8617—
8622

36 Malhi, H. et al. (2000) KATP channels regulate mitogenically induced
proliferation in primary rat hepatocytes and human liver cell lines.



270

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Implications for liver growth control and potential therapeutic
targeting. JJ. Biol. Chem. 275, 2605026057

Levin, M. et al. (2006) Of minds and embryos: left-right asymmetry and
the serotonergic controls of pre-neural morphogenesis. Dev. Neurosci.
28, 171-185

Mazzanti, M. et al. (2001) Electrical dimension of the nuclear envelope.
Physiol. Rev. 81, 1-19

Tao, Y. et al. (2006) Low K* promotes NF-«B/DNA binding in neuronal
apoptosis induced by K* loss. Mol. Cell. Biol. 26, 1038-1050

Yang, S.J. et al. (2004) Ultrastructural study of depolarization-induced
translocation of NRF-2 transcription factor in cultured rat visual
cortical neurons. Eur. J. Neurosci. 19, 11531162

Raya, A. et al. (2004) Notch activity acts as a sensor for extracellular
calcium during vertebrate left-right determination. Nature 427,121-128
Bizzarri, R. et al. (2006) Development of a novel GFP-based ratiometric
excitation and emission pH indicator for intracellular studies. Biophys.
J. 90, 3300-3314

Tsunoda, S.P. et al. (2006) H*-pumping rhodopsin from the marine alga
Acetabularia. Biophys. J. 91, 1471-1479

Jaffe, L.F. and Nuccitelli, R. (1974) An ultrasensitive vibrating probe
for measuring steady extracellular currents. J. Cell Biol. 63, 614-628
Bluh, O. and Scott, B.I. (1950) Vibrating probe electrometer for the
measurement of bioelectric potentials. Rev. Sci. Instrum. 21, 867-868
Smith, P.J. et al. (1999) Self-referencing, non-invasive, ion selective
electrode for single cell detection of trans-plasma membrane calcium
flux. Microsc. Res. Tech. 46, 398—417

Messerli, MLA. et al. (1999) Pulsatile influxes of H*, K* and Ca®* lag
growth pulses of Lilium longiflorum pollen tubes. J. Cell Sci. 112,
1497-1509

Borgens, R. et al. (1989) Electric Fields in Vertebrate Repair, Alan R.
Liss

Jaffe, L. (1982) Developmental currents, voltages, and gradients. In
Developmental Order: its origin and regulation (Subtelny, S., ed.), pp.
183-215, Alan R Liss

Stern, C.D. (1982) Experimental reversal of polarity in chick embryo
epiblast sheets in vitro. Exp. Cell Res. 140, 468-471

Hotary, K.B. and Robinson, K.R. (1992) Evidence of a role for endogenous
electrical fields in chick embryo development. Development 114, 985-996
Woodruff, R.I. (2005) Calmodulin transit via gap junctions is reduced in
the absence of an electric field. J. Insect Physiol. 51, 843-852

Marsh, G. and Beams, H. (1957) Electrical control of morphogenesis in
regenerating Dugesia tigrina. J. Cell. Comp. Physiol. 39, 191-211
Uzman, J.A. et al. (1998) The role of intracellular alkalinization in the
establishment of anterior neural fate in Xenopus. Dev. Biol. 193, 10-20
Cooper, M.S. and Keller, R.E. (1984) Perpendicular orientation and
directional migration of amphibian neural crest cells in DC electrical
fields. Proc. Natl. Acad. Sci. USA 81, 160-164

Nishimura, K. et al. (1996) Human keratinocytes migrate to the
negative pole in direct current electric fields comparable to those
measured in mammalian wounds. J. Cell. Sci. 109, 199-207

Rose, S.M. (1974) Bioelectric control of regeneration in Tubularia. Am.
Zool. 14, 797-803

Smith, S.D. (1970) Effects of electrical fields upon regeneration in the
Metazoa. Am. Zool. 10, 133-140

Nuccitelli, R. (2003) A role for endogenous electric fields in wound
healing. Curr. Top. Dev. Biol. 58, 1-26

Borgens, R.B. et al. (1984) Stump currents in regenerating
salamanders and newts. J. Exp. Zool. 231, 249-256

Jenkins, L.S. et al. (1996) Reduction of the current of injury leaving the
amputation inhibits limb regeneration in the red spotted newt. Dev.
Biol. 178, 251-262

Novak, B. and Sirnoval, C. (1975) Inhibition of regeneration of
Acetabularia mediterranea enucleated posterior stalk segments by
electrical isolation. Plant Sci. Lett. 5, 183—188

Borgens, R.B. (1982) What is the role of naturally produced electric
current in vertebrate regeneration and healing. Int. Rev. Cytol. 76,
245-298

www.sciencedirect.com

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

TRENDS in Cell Biology Vol.17 No.6

Sisken, B.F. (1992) Electrical-stimulation of nerves and their
regeneration. Bioelectrochem. Bioenerg. 29, 121-126

Sisken, B.F. et al. (1993) Prospects on clinical-applications of electrical-
stimulation for nerve regeneration. J. Cell. Biochem. 51, 404—-409
Sharma, K.K. and Niazi, I.A. (1990) Restoration of limb regeneration
ability in frog tadpoles by electrical stimulation. Indian J. Exp. Biol. 28,
733-738

Smith, S.D. (1967) Induction of partial limb regeneration in Rana
pipiens by galvanic stimulation. Anat. Rec. 158, 89-97

Borgens, R.B. et al. (1977) Bioelectricity and regeneration: initiating of
frog limb regeneration by minute currents. J. Exp. Zool. 200, 403—416
Smith, S.D. (1981) The role of electrode position in the electrical
induction of limb regeneration in subadult rats. Bioelectrochem.
Bioenerg. 8, 661-670

Sisken, B.F. and Fowler, I. (1981) Induction of limb regeneration in the
chick-embryo. Anat. Rec. 199, A238-A239

Becker, R.O. (1972) Stimulation of partial limb regeneration in rats.
Nature 235, 109-111

Sisken, B.F. et al. (1984) Response of amputated rat limbs to fetal nerve
tissue implants and direct current. J. Orthop. Res. 2, 177-189
Bodemer, C.W. (1964) Evocation of regrowth phenomena in anuran
limbs by electrical stimulation of the nerve supply. Anat. Rec. 148, 441—
457

Pullar, C.E. et al. (2001) Cyclic AMP-dependent protein kinase A plays
arole in the directed migration of human keratinocytes in a DC electric
field. Cell Motil. Cytoskeleton 50, 207-217

Politis, M.J. and Zanakis, M.F. (1988) Treatment of the damaged rat
hippocampus with a locally applied electric field. Exp. Brain Res. 71,
223-226

Shapiro, S. et al. (2005) Oscillating field stimulation for complete spinal
cord injury in humans: a Phase 1 trial. JJ. Neurosurg. Spine 2, 3-10
Altizer, A.M. et al. (2001) Endogenous electric current is associated
with normal development of the vertebrate limb. Dev. Dyn. 221, 391—
401

Slack, J.M. (1983) Positional information in the forelimb of the
axolotl: properties of the posterior skin. J. Embryol. Exp. Morphol.
73, 233-247

Heber-Katz, E. et al. (2006) Conjecture: Can continuous regeneration
lead to immortality? Studies in the MRL mouse. Rejuvenation Res. 9,
3-9

Tsonis, P.A. (1983) Effects of carcinogens on regenerating and non-
regenerating limbs in Amphibia (review). Anticancer Res. 3, 195-202
Brockes, J.P. (1998) Regeneration and cancer. Biochim. Biophys. Acta
1377, M1-M11

Pizzarello, D.J. and Wolsky, A. (1966) Carcinogenesis and regeneration
in newts. Experientia 22, 387-388

Rose, S.M. and Wallingford, H.M. (1948) Transformation of renal
tumors of frogs to normal tissues in regenerating limbs of
salamanders. Science 107, 457

Barclay, T.H. and Schapira, D.V. (1983) Malignant tumors of the small
intestine. Cancer 51, 878-881

Perona, R. and Serrano, R. (1988) Increased pH and tumorigenicity of
fibroblasts expressing a yeast proton pump. Nature 334, 438-440
Fraser, S.P. et al. (2005) Voltage-gated sodium channel expression and
potentiation of human breast cancer metastasis. Clin. Cancer Res. 11,
5381-5389

Pei, L. et al. (2003) Oncogenic potential of TASK3 (Kenk9) depends on
K* channel function. Proc Natl Acad Sci USA 100, 7803-7807

Aerts, R.J. et al. (1985) Cytoplasmic pH and the regulation of the
Dictyostelium cell cycle. Cell 43, 653657

Putney, L.K. and Barber, D.L. (2003) Na-H exchange-dependent
increase in intracellular pH times G2/M entry and transition.
J. Biol. Chem. 278, 44645-44649

Boutillier, AL. et al. (1999) Depolarization regulates cyclin D1
degradation and neuronal apoptosis: a hypothesis about the role of
the ubiquitin/proteasome signalling pathway. Eur. J. Neurosci. 11,
441-448



	Large-scale biophysics: ion flows and regeneration
	Introduction
	Bioelectrical signals control cell behavior
	The resurgence of studies on ion fluxes in cell and developmental biology
	Considerations for bioelectrical control of �regeneration and complex morphogenesis
	Bioelectrical control of cell migration during regeneration
	Bioelectrical signals in the regeneration of complex tissues
	How are changes in membrane voltage transduced �to downstream pathways?
	A recent discovery: voltage-gated phosphatase �activity
	Summary
	Acknowledgements
	References


