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Abstract
Cancer may result from localized failure of instructive cues that normally orchestrate cell
behaviors toward the patterning needs of the organism. Steady-state gradients of
transmembrane voltage (Vmem) in non-neural cells are instructive, epigenetic signals that
regulate pattern formation during embryogenesis and morphostatic repair. Here, we review
molecular data on the role of bioelectric cues in cancer and present new findings in the
Xenopus laevis model on how the microenvironment’s biophysical properties contribute to
cancer in vivo. First, we investigated the melanoma-like phenotype arising from serotonergic
signaling by ‘instructor’ cells—a cell population that is able to induce a metastatic phenotype
in normal melanocytes. We show that when these instructor cells are depolarized, blood vessel
patterning is disrupted in addition to the metastatic phenotype induced in melanocytes.
Surprisingly, very few instructor cells need to be depolarized for the hyperpigmentation
phenotype to occur; we present a model of antagonistic signaling by serotonin receptors that
explains the unusual all-or-none nature of this effect. In addition to the body-wide
depolarization-induced metastatic phenotype, we investigated the bioelectrical properties of
tumor-like structures induced by canonical oncogenes and cancer-causing compounds.
Exposure to carcinogen 4-nitroquinoline 1-oxide (4NQO) induces localized tumors, but has a
broad (and variable) effect on the bioelectric properties of the whole body. Tumors induced by
oncogenes show aberrantly high sodium content, representing a non-invasive diagnostic
modality. Importantly, depolarized transmembrane potential is not only a marker of cancer but
is functionally instructive: susceptibility to oncogene-induced tumorigenesis is significantly
reduced by forced prior expression of hyperpolarizing ion channels. Importantly, the same
effect can be achieved by pharmacological manipulation of endogenous chloride channels,
suggesting a strategy for cancer suppression that does not require gene therapy. Together, these
data extend our understanding of the recently demonstrated role of transmembrane potential in
tumor formation and metastatic cell behavior. Vmem is an important non-genetic biophysical
aspect of the microenvironment that regulates the balance between normally patterned growth
and carcinogenesis.
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1. Introduction

1.1. Cancer as a developmental disorder

Cancer may be fundamentally a developmental disorder
(Baker et al 2009, Potter 2001, 2007, Rowlatt 1994, Rubin
1985, Tsonis 1987), and may occur when cells stop obeying
the normal patterning cues of the body (Needham 1936, 1963,
Waddington 1935). Cancer is thus ‘part of an inexorable
process in which the organism falls behind in its ceaseless
effort to maintain order’ (Rubin 1985). The signals that
establish and maintain anatomy during embryogenesis and
adult life comprise both genetic and epigenetic pathways, and
there has been much debate about the relative contributions
of genetic versus epigenetic disruptions to cancer (Bissell
and Hines 2011, Bissell and Labarge 2005, Hanahan and
Weinberg 2011, Hendrix et al 2007, Kasemeier-Kulesa
et al 2008, Roskelley and Bissell 2002, Sonnenschein
and Soto 1999, 2004, Vaux 2011). The view of cancer
as a reversible physiological state has significant medical
implications because learning to modulate the impact of the
cellular environment on neoplastic progression could impact
prevention and detection strategies. Moreover, a mechanistic
dissection of pathways by which the host reboots cancer cells
may give rise to strategies that normalize cancer (Del Rio-
Tsonis and Tsonis 1992, Ingber 2008, Kulesa et al 2006), in
contrast to current approaches that seek to kill tumors and thus
risk a compensatory proliferation response by any remaining
cancer cells (Fan and Bergmann 2008).

The phenomenon of tumor reversion (e.g., observed
when cancer cells are placed in normal embryonic or
regenerative environments) contradicts irreversible, cell-
autonomous genetically-deterministic models of the origin
of cancer, and emphasizes the role of the tissue structure
(Bissell and Radisky 2001, Bizzarri et al 2011, Bizzarri et al
2008, Ingber 2008, Weaver and Gilbert 2004). Biologists are
beginning to explore (Dinicola et al 2011) the idea that cancer
is a kind of attractor in a multi-dimensional transcriptional
state space. ‘The topology of the attractor is the “invisible
hand” driving the system functions into coherent behavioral
states: they are self-organizing structures and can capture the
gene expression profiles associated with cell fates’ (Huang
et al 2009). However, such models are not only compatible
with transcriptional states but also with state spaces in which
the dimensions correspond to physical properties. If cancer is
indeed best understood as part of the interplay between the host
organism and individual cell regulation, then it thus becomes
crucial to dissect the endogenous physiological signals used
to coordinate cell growth with the large-scale patterning needs
of the body.

1.2. Gradients of transmembrane potential mediate
patterning cues

In addition to the biochemical gradients and gene-regulatory
networks that underlie cell–cell communication, the complex
field of patterning information that impinges upon all cells
within a host organism (Levin 2011b) also contains an
important biophysical component. ‘Bioelectricity’ refers to

the slowly-changing gradients of transmembrane (resting)
potential, ion fluxes and electric fields produced and sensed
by non-excitable cells (Levin 2011a, McCaig et al 2005,
McCaig et al 2009). While classical work has long suggested
the importance of bioelectric gradients for regeneration,
development and cancer (Borgens 1986, Burr 1940, Burr
et al 1938, Jaffe 1979, Lund 1947), molecular-resolution
tools have recently been developed for real-time detection
and manipulation of bioelectrical properties in vivo (Adams
and Levin 2012a, 2012b). This work has identified novel
roles for bioelectricity in cellular regulation and dissected
the pathways linking ion flows to transcriptional responses
and changes in cell behavior (Levin 2009, Pu et al 2007,
Pullar et al 2007, Zhao et al 2006). Indeed, transmembrane
voltage gradients are now known to control cell proliferation,
migration, differentiation and orientation (Blackiston et al
2009, Sundelacruz et al 2009). Moreover, the information
stored in physiological networks (dynamic spatio-temporal
patterns of ion flows through cell membranes and among
connected cell groups) is instructive for anatomical identity
of newly produced tissue, and mediates size control and
positional information during organ formation, large-scale
organ/appendage regeneration and axial patterning (Adams
et al 2007, 2006, Beane et al 2011, Levin et al 2002, Pai et al
2012, Tseng et al 2010).

1.3. Bioelectricity as a non-genetic aspect of cancer
microenvironment

The view that cancer is a developmental disorder predicts that
molecular mechanisms known to be important mediators of
the morphogenetic field would be involved in tumorigenesis.
Indeed, there is mounting evidence that the bioelectric cues
that establish normal pattern can go awry and result in
cancerous growth. The unique bioelectrical properties of tumor
tissue have been long-recognized (Aberg et al 2004, Burr
1941, Burr et al 1938, Cameron et al 1979a, 1979b, 1980,
Cameron and Smith 1980, 1989, Gupta et al 2004, Jeter
et al 1982, Koch and Leffert 1979, Leffert and Koch 1980,
Rozengurt and Mendoza 1980, Smith et al 1978, Sparks
et al 1983, Stojadinovic et al 2005); specifically, cancer
cells are generally depolarized with respect to normal healthy
tissue (Arcangeli et al 1995, Binggeli and Weinstein 1986,
O’Grady and Lee 2005, Pardo 2004). Modern molecular data
have confirmed the physiological observations, and several
pathways of high relevance to cancer have now been shown
to be under bioelectrical control, including apoptosis (Wang
2004), epigenetic chromatin modification (Carneiro et al 2011,
Tseng and Levin 2012), stem cell regulation (Lange et al 2011,
Sundelacruz et al 2008, Yasuda and Adams 2010) and the
transfer of signals through gap junctions (Levin and Mercola
1998). A number of ion channel, pump and gap junction
genes are now recognized as bona-fide oncogenes (table 1).
Importantly, ion translocators are not only markers associated
with neoplastic processes, but are also functional determinants
of cancerous progression.
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Table 1. Known ion translocators as oncogenes. Several ion
transporters are now recognized as causal agents in carcinogenesis,
consistent with the role of Vmem in regulating cell proliferation,
migration, and differentiation. Future work remains to test the
hypothesis that the patterning roles of voltage gradients are an
important component of pattern dysregulation as a fundamental
cause of neoplasia (Dinicola et al 2011, Potter, 2007).

Protein Species Reference

NaV1.5 sodium channel Human Onkal and Djamgoz,
2009

EAG-1 potassium channel Human Pardo et al 1999
KCNK9 potassium channel Mouse Pei et al 2003
Ductin (proton V-ATPase Mouse Saito et al 1998
component)
SLC5A8 sodium/butyrate Human Gupta et al 2006
transporter
KCNE2 potassium channel Mouse Roepke et al 2010
Connexin26 (gap junctions) Mouse Temme et al 1997

1.4. Recent molecular data implicates ion translocator
proteins in cancer

The proliferation of some tumor cells is dependent on voltage-
gated potassium channels (Conti 2004, Fraser et al 2000).
hERG channels are particularly implicated (Arcangeli 2005,
Bianchi et al 1998, Lastraioli et al 2004, Lin et al 2007,
Wang et al 2002, Wang 2004), as are 2-pore channels such
as KCNK9 (Kim et al 2004, Mu et al 2003). While roles other
than ion transport have been proposed for some channels, in
the case of KCNK9, it is known that its oncogenic potential
depends on K+ transport function, and not some other role
of the protein (Pei et al 2003). A screen of several cervical
cancers found the K+ channel EAG expressed in 100% of the
biopsies analyzed, and overexpression of EAG in human cells
resulted in more quickly dividing progeny in culture; this result
was replicated in vivo using mice implanted with human EAG-
expressing CHO cells (Farias et al 2004, Pardo et al 1999).
hEAG-1 is a true oncogene since its overexpression drives
mammalian cells into uncontrolled proliferation and favors
tumor progression in cells injected into immune-suppressed
mice (Pardo et al 1999). Likewise, hERG is not normally
present in most differentiated cells other than in the heart, but
has been observed in a number of human cancers and during
neoplastic transformation in prostate epithelium (Klezovitch
et al 2008, Wang et al 2002). In these cells, hERG appears to
recruit tumor necrosis factor receptor (TNFR) to the plasma
membrane and cause a subsequent increase in NFκB, a known
regulator of proliferation. In addition to modulations of single
channels, some cancers are characterized by the activation of
multiple potassium currents, such as human melanoma lines
that express both hEAG1 and Ca2+-activated K+ channels
(Meyer et al 1999). Indeed, complex interactions by multiple
channels likely exist, and trans-membrane currents driven by
diverse families of potassium channels (including calcium
activated, inward rectifying Kir, EAG and ERG) have all been
correlated with cancerous tissue.

In addition to potassium, a number of other ions can
play similar roles (Becchetti 2011, Prevarskaya et al 2010).
Manipulation of membrane H+ flux confers a neoplastic
phenotype upon cells (Perona and Serrano 1988), while studies

in glioma cell lines have revealed a role of chloride channels
(Habela et al 2008, Volkov et al 2012). Inhibition of Clc-3
though hairpin RNA constructs resulted in the loss of
premitotic condensation and arrest of the cell cycle in glioma
cells (Habela et al 2008). In studies of human prostate cancer
lines, these results support the role of chloride channels as key
regulators of proliferation through cell size regulation (Jirsch
et al 1993, Shuba et al 2000).

Sodium channels are a particularly important set of targets
for cancer. The human knockout APCmin/+ cell line shares a
mutation found in many human colorectal cancers, and when
introduced into mice subsequently results in the development
of multiple intestinal neoplasias (Ousingsawat et al 2008).
In vivo transepithelial voltage recordings in this line revealed
an increase in Na+ levels compared to wild-type mice that
was the result of an increase in the expression of the ENaC
Na+ channel. Metastatic potential correlates with voltage-
gated inward sodium current, and it has been convincingly
argued that some sodium channels may be oncofetal genes
(Brackenbury and Djamgoz 2006, Diss et al 2005, Fraser
et al 2005, Onganer and Djamgoz 2005, Onganer et al 2005).
Indeed, a sodium-channel gene was identified as the top node
of a genetic network that regulates colon cancer invasion
(House et al 2010).

1.5. Investigating the biophysics of cancer in vivo: the frog
model

Ion translocators are both predictive markers (Prevarskaya
et al 2010), and an important set of targets for new
cancer drugs (Arcangeli et al 2009, Kometiani et al 2005).
Dissecting the molecular mechanisms by which biophysical
properties regulate oncogenesis and metastatic processes
during morphogenesis requires a model system that is tractable
to both biophysical/physiological techniques and state-of-the-
art molecular genetics. Recent work in the Xenopus tadpole has
both confirmed the role of ion flow in oncogenesis in vivo, and
identified bioelectricity as an important aspect of non-local
signaling of the cellular microenvironment that can induce
and suppress cancer-like cell behavior.

An expression analysis revealed a widely distributed,
sparse population of cells expressing glycine-gated chloride
channels (GlyCl). By exposing embryos to the specific GlyCl
channel activator ivermectin, and controlling the extracellular
levels of chloride, the membrane potential of these specific
cells could be set to any desired level (and confirmed
with voltage-reporting fluorescent dyes; strategy is shown
in figure 1(A)). We took advantage of this finding to probe
the consequences of bioelectrical dysregulation in vivo and
to investigate the consequences of depolarizing select cell
groups in the tadpole (Blackiston et al 2011).

When depolarized, these cells signal, at significant
distance, to melanocytes—pigment cell derivatives of the
neural crest (Morokuma et al 2008). The melanocytes
then acquire three properties commonly associated with
metastasis: they hyper-proliferate, change to a highly dendritic
morphology and invade tissues throughout the animal (such as
blood vessels, gut and neural tube) in a matrix metalloprotease-
dependent manner. The ability of these cells to direct the
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Figure 1. Depolarization of instructor cells induces metastatic phenotype in melanocytes. The Goldman equation reveals how resting
potential Vmem depends on the internal and external K+, Na+ and Cl− concentrations, ambient temperature (T), and permeability of each ion
(P). (A) Manipulation of endogenous chloride channels as a means for selective probing of Vmem-based signaling. Ivermectin treatment
targets GlyCl-expressing (‘instructor’) cells, opening these chloride channels. Then, by manipulating external chloride levels, chloride ions
can be made to enter or exit the GlyCl-expressing cells, thus controlling their transmembrane potential. Normal tadpoles exhibit small
numbers of black melanocytes over their neural tubes but not around their eyes or mouth ((B), white arrowheads). In contrast, tadpoles
whose instructor cells were depolarized for as little as 12 h exhibit excess melanocytes, which possess a much more arborized appearance,
and colonize areas normally devoid of melanocytes ((B′), red arrowheads). The same change in shape is seen in the tail (compare normal tail
in panel C with the tail of a depolarized tadpole in (C′)); this change was quantified, and mitotic indices were calculated in (Blackiston et al
2011). Sectioning of these tadpoles reveals that in contrast to the small number of round melanocytes normally present in the neural tube
((D), white arrowheads), depolarization of instructor cells causes melanocytes to acquire a highly aberrant spread-out morphology ((D), red
arrowheads) as well as to invade the nervous tissue (blue arrowhead). This is also seen in more posterior sections through the tail/trunk,
where the normally round melanocytes ((E), white arrowheads) are far more numerous and extend long abnormal projections ((E′), red
arrowheads). (F) Because the phenotype can be recapitulated by gain-of-function of serotonin signaling, and prevented by blockade of the
serotonin transporter SERT, the data suggest a model of how instructor-cell signaling affects melanocyte morphology: depolarized instructor
cells’ SERT runs backwards, secreting serotonin into the extracellular space where it can diffuse and activate melanocytes to acquire three
basic properties of metastasis: overgrowth, abnormal cell shape, and invasion of other tissues.
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activity of an entirely different set of cells led us to
call the depolarizing GlyCl-expressing population ‘instructor
cells’. Lineage and marker analysis was used to show that
the hyperpigmentation phenotype did not result from other
cells being abnormally shifted into becoming melanocytes,
but rather that this change affected mature, existing and
differentiated melanocytes (Blackiston et al 2011). Crucially,
the phenotype could also be induced with the native ligand of
GlyCl (glycine), ruling out off-target effects of ivermectin.
Indeed, the effect could be induced or suppressed by
modulating extracellular chloride levels, precisely as predicted
by the Goldman equation (which links overall transmembrane
potential to the concentrations and permeabilities of various
ion species), ruling out ion-independent roles of GlyCl
protein. Finally, it was found that the misexpression of
mRNAs encoding depolarizing sodium, potassium or proton
translocators could also phenocopy the highly specific change
in melanocyte behavior induced by the efflux of chloride
through GlyCl. Moreover, the effect of GlyCl opening in
the presence of low extracellular chloride could be rescued
by expressing a hyperpolarizing potassium channel in the
exposed embryos. Together these results demonstrated that
the melanocyte-transforming effect is truly initiated by a
change in voltage and independent of any specific ion or
channel protein. This finding is consistent with the published
data in mammalian systems, which implicate many different
ion channels in cancer (as all of them can contribute to
the regulation and dysregulation of resting potential). One
interesting aspect of the phenotype is its all-or-none character:
in the induction and rescue/suppression experiments, some
percentage of the treated population become hyperpigmented
while the rest do not, but any one tadpole is either
hyperpigmented or not—there appear to be no in-between
(partial) states.

It was shown that depolarization induces the up-regulation
of cancer-relevant genes such as Sox10 and SLUG (Morokuma
et al 2008), but how do depolarized instructor cells signal
to the distant melanocytes to induce the metastasis-like
phenotype? A suppression screen tested known mechanisms
by which transmembrane voltage changes were transduced
into transcriptional responses, and implicated serotonergic
signaling (a mechanism which also mediates long-range
bioelectric signaling in left–right patterning (Adams et al 2006,
Carneiro et al 2011, Fukumoto et al 2005)). Inhibition of
the voltage-regulated serotonin transporter SERT abolished
the hyperpigmenting defect of depolarization, and SERT was
seen to co-localize with the GlyCl channel (be expressed in
instructor cells). Moreover, direct application of serotonin
recapitulated the metastatic phenotype, suggesting a model
in which membrane voltage regulated the dynamics of
serotonin secretion by instructor cells, allowing non-
cell-autonomous regulation of the melanocyte function
(figure 1(F)).

The above data illustrated the power of depolarized
Vmem as an epigenetic initiator of widespread metastatic
behavior in the absence of a centralized tumor. More
recently (Chernet and Levin 2012a), we investigated the
role of bioelectricity in tumor-like foci induced by canonical

oncogenes. Tumors induced in Xenopus by oncogenes such
as Gli1 and Rel3, or mutant tumor suppressors such as
DNp53 and KRASG12D (Dahmane et al 1997, Le et al
2007, Wallingford et al 1997, Yang et al 1998) exhibit the
predicted depolarized potential, but additional metrics are
needed to refine a more narrow physiological signature that can
distinguish prospective tumor sites from normal depolarized
cells (e.g., stem cells). Further, while depolarization has been
associated with cancer in the literature, it is now necessary
to explore the extent to which forced hyperpolarization could
prevent or revert tumor development in vivo.

1.6. Open questions and new data

Thus, transmembrane potential can both induce a metastatic
phenotype in widespread normal somatic cells, and participate
in localized carcinogenesis induced by canonical pathways.
Here, we investigated several key questions brought up
by the remarkable effects of localized depolarization in
Xenopus. What other cell types, besides the melanocytes,
may be affected by depolarization of instructor cells?
How many depolarized instructor cells are sufficient to
induce hyperpigmentation (metastatic conversion of normal
melanocytes) throughout the animal? What serotonin receptors
mediate the non-cell-autonomous signaling between the
instructor cells and melanocytes, and what model can
explain the puzzling all-or-none character of melanoma-
like transformation in depolarized tadpoles? What bioelectric
changes are induced by carcinogens and oncogene expression?
Are such changes localized to the tumor site, and how
consistent are these changes among individual animals? Can
such tumors be identified by a specific physiological signature,
and could artificial control of the resting potential (either
by transgenes or by pharmacological modulation of native
ion channels) change the incidence of induced tumors? Here
we present new data that fill in important details of this
fascinating epigenetic pathway and highlight novel aspects
of the bioelectric control of cancer.

2. Materials and methods

2.1. Animal husbandry

Xenopus embryos were maintained according to standard
protocols (Sive et al 2000) in 0.1 × Modified Marc’s Ringers
(MMR), pH 7.8, plus 0.1% gentamycin. Xenopus embryos
were staged according to Nieuwkoop and Faber (Nieuwkoop
and Faber 1967).

2.2. Microinjection

Capped, synthetic mRNAs were dissolved in water and
injected into embryos at cleavage stages in 3% Ficoll using
standard methods (Sive et al 2000). mRNA injections were
made into the locations indicated using borosilicate glass
needles calibrated to bubble pressures of 50–70 kPa in water,
delivering 70 ms pulses. After 30 min, embryos were washed
in 0.75 × MMR for 30 min and cultured in 0.1 × MMR until
desired stages. Constructs used included GlyCl-A288G-tom
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(Lynagh and Lynch, 2010), Gli1 (Dahmane et al 1997), Xrel3
(Yang et al 1998), KRASG12D (Le et al 2007) and Kir4.1
(Fakler et al 1996).

2.3. Transgenics

PT2xflk-1:GFP transgenic embryos were prepared using the
Sleeping Beauty transposon system (Doherty et al 2007).
Transgenic embryos were treated with 1 μM ivermectin and
imaged on an Olympus BX-61 using a FITC filter. Adobe
Illustrator was used to define a 200 μm region on the tail tip
region, and vascular cells in this region were counted.

2.4. Drug exposure

Stocks of ivermectin (Sigma) were stored at 10 mM
concentration in dimethyl sulfoxide (DMSO). Embryos were
exposed in 0.1 X MMR for the stages indicated to ivermectin,
0.05–1 μM; reserpine 100 μM; methiothepin 10 nM;
cyanopridolol 50 μM, altanserin, 10 μM; tropisetron, 10 μM;
GR113808, 1 μM; SB 699551, 2.5 μM; Ro 04–6790, 50 μM;
SB 258719, 50 μM. All compounds were obtained from
Tocris unless otherwise noted. A stock of 4-nitroquinolin-1-
oxide (4NQO) (Sigma) was stored at 175 mM concentration
in acetone. Embryos were exposed to 42 μM 4NQO in
0.1 × MMR for the stages indicated.

2.5. Voltage and sodium dye imaging

Transmembrane potential (figure 5(E)) was imaged as
previously described (Adams and Levin 2012b, 2012c,
Blackiston et al 2011). For sodium imaging, a stock of
CoroNa green (Invitrogen) was stored at 5 mM concentration
in DMSO. Embryos were incubated for 1 h in 100 μM of
CoroNa Green in 0.1 × MMR. Embryos were washed with
fresh 0.1 × MMR and directly visualized using an FITC filter
set of a fluorescent microscope.

2.6. Predictive screening

Gli1 injected Xenopus embryos were collected at the neurula
stage (st. 15), before ITLSs were morphologically and
histologically apparent. Collected embryos were imaged using
CoroNa green (as described above), and divided into two
categories based on the presence of group of cells with
high Na+ content. The effectiveness of unique Na+ content
in predicting ITLS formation was quantified by calculating
false positives (how many of the embryos exhibited increased
Na+ foci but never developed ITLSs), false negatives (how
many did our technique miss), sensitivity (how many of the
ITLS were preceded by unique Na+ content) and specificity
values (how many of the non-ITLS forming cells were not
preceded by unique Na+ content).

2.7. Electroporation

The method used is described in detail in Chernet and Levin
(2012b). Here, poring and driving pulse parameter values of
volt (V) = 35/7; length (ms) = 50/50; interval (ms) = 50/50
and repeat count = 3/10 were used.

3. Results

3.1. Depolarization-induced metastasis-like conversion of
melanocytes

In order to better understand the neoplastic-like phenotype
induced by changes in the transmembrane potential (Vmem)
in vivo, we took advantage of the glycine gated chloride
(GlyCl) channel, specifically expressed in a sparse yet widely
distributed cell population, whose Vmem can be specifically
modulated by pharmacologically opening the channel and
then altering the extracellular chloride levels (figure 1(A)).
To open these GlyCl channels, we utilized ivermectin, a
well-characterized antiparisitic that is known to specifically
affect GlyCl channels (Blackiston et al 2011, Ottesen and
Campbell 1994). In unperturbed Xenopus laevis embryos, the
extracellular medium contains a lower chloride concentration
than the cytoplasm inside the cell. Thus, treatment of Xenopus
embryos with 1 μM ivermectin depolarizes cells expressing
the GlyCl channel (because negative chloride ions leave
those cells down their concentration gradient). We first
confirmed the remarkable hyperpigmentation phenotype in
almost all treated individuals, resulting from a change of
normal melanocyte behavior in three ways characteristic
of cancerous transformation: an increase in proliferation, a
change in their morphology (extensive arborization) and an
extensive colonization of ectopic regions including blood
vessels and neural tissues (figures 1(B)–(E)). This effect is
quite specific and the embryos appear to have no abnormalities
of morphogenesis in any of the major organ systems or
overall axial development. Furthermore, this effect is non-
cell autonomous, the GlyCl-expressing instructor cells are
being depolarized, whereas melanocyte behavior is being
affected. However, the strong melanocyte phenotype suggests
the possibility that other cell types are affected but not easily
detected if they lack pigment. We specifically asked whether
another important aspect of cancer—vascularization—might
also be affected.

3.2. Depolarization of instructor cells causes dysregulation
of vascular patterning

Transgenic frog embryos (figures 2(A) and (B)) whose
endothelial cells are labeled with fluorescent protein using the
flk-1 promoter (Doherty et al 2007) were exposed to 1 μM
ivermectin from gastrulation to organogenesis (stages 10–
46), and the blood vessel-specific fluorescence was imaged
and compared to control embryos of the same stage. In
untreated embryos, the intersomitic vessels extending between
the major tail veins resemble evenly spaced rungs on a
ladder (figures 2(C) and (C′)). However, embryos whose
GlyCl-expressing cells had been depolarized by ivermectin
treatment (electrophysiology shown in (Blackiston et al 2011))
displayed disorganized intersomitic vessels (figure 2(D)). This
phenotype was marked by a decrease in the overall number
of vessels (figure 2(G)) as well as an increase in vessels
that displayed aberrant morphologies (branching, tilting and
truncations; figure 2(D)). An increase in amount of small,
blind-end vessels extending from the posterior cardinal vein
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Figure 2. GlyCl-mediated depolarization induces abnormal vascular structure in vivo. (A) Schematic of the pT2xflk-1:GFP transposon gene,
adapted from (Doherty et al 2007) and not drawn to scale. The green fluorescent protein (GFP) on exon 1 is driven by an flk-1 promoter
2.5 kb upstream. A polyadenylation signal (pA) was cloned to maintain the integrity of the splice acceptor. The xflk-1:GFP construct was
cloned into the pT2 non-autonomous transposon between the invert-direct repeats (IR/DR). (B) Mechanism of SB-mediated transposition.
The pT2flk-1:GFP was injected together with Sleeping Beauty (SB) transposase mRNA into fertilized eggs at the one-cell stage. SB
transposase binds to the IR/DRs as shown and cuts the transposon (containing the flk-1 promoter driving GFP expression) out of the plasmid
(the cut sites are indicated by the two black slashed lines in the remaining plasmid). A DNA molecule with a ‘TA’ sequence becomes the
recipient of a transposed transposon; transgenic animals bearing this fluorescent marker of vasculature were used in experiments where
instructor cells were depolarized with ivermectin. ((C), (C′)) In untreated pT2flk-1:GFP Xenopus laevis transgenic tadpoles, the intersomitic
vessels on the tail are evenly spaced (white arrows) and tail regions largely lack blind end vessels. ((D), (D′)) Ivermectin-treated embryos
display an overall decrease in the number of intersomitic vessels (G), as well as an increase in disrupted intersomitic vessels (red arrows),
and an increase in the amount of small blind-end vessels extending into the tail fin region (H). To determine whether there was an increase in
vascular cells in the tail tip between control and ivermectin-treated embryos ((E), (F)), the number of GFP-positive cells in a 200 μm square
region (white boxes) was counted. While there is no difference in the number of vascular cells in the tail tip between treatments (I), the shape
of the vascular cells in ivermectin-treated embryos (F′) compared to controls (E′) reveals an increase in arborization. Scale bars, 250 μm.
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on the tail was also observed in embryos whose instructor cells
had been depolarized (figures 2(D′) and (H)). To determine
whether there was an overall increase in endothelial precursors
of blood vessels in the tail tip of the tadpoles, the numbers of
GFP-positive cells in 200 μm square regions were counted.
While ivermectin treatment did not affect the number of
vascular cells present (figure 2(I)), the vascular cells did appear
more arborized and larger following depolarization (compare
figures 2(E) and (F)). We conclude that the instructor cells
regulate not only the behavior of melanocytes, but also the
morphogenesis of the vasculature.

3.3. Depolarization of very few instructor cells is sufficient to
transform melanocytes

Hyperpigmentation is an all-or-none effect: if affected, the
whole tadpole becomes colonized and all of the melanocytes
abandon their normal round appearance in favor of a highly
arborized morphology. Interestingly, prior work showed that it
is not necessary to depolarize all of the instructor cells to induce
the hyperpigmentation phenotype: it is sufficient to misexpress
depolarizing channels in parts of the embryo (Morokuma et al
2008). Hyperpigmentation is initiated by global depolarization
of a very sparse but widespread cell population, but what is
not known is the size of the minimal signaling unit: How small
an area can be depolarized, and how far from the dorsal neural
tube (the site of the melanocyte precursors) can it be, in order to
activate the transformation of all (or most) of the melanocytes
in the embryo?

We selectively depolarized cell groups of differing
size and location to determine which can produce the
hyperpigmented phenotype. In order to do so, we took
advantage of a mutant GlyCl-channel (GlyCl-A288G) that has
increased sensitivity to ivermectin. GlyCl channels normally
have a threshold of activation of roughly 100–300 nM for
ivermectin (Shan et al 2001). However, the introduction of the
A288G mutation increases ivermectin sensitivity almost 100-
fold (Lynagh and Lynch 2010). Thus, through microinjection
of the GlyCl-A288G mutant mRNA into Xenopus embryos
followed by exposure to doses of ivermectin too low to
activate native GlyCl receptors, we were able to systematically
depolarize only those cells expressing the injected super-
sensitive mutant, and not endogenous GlyCl-expressing cells
(figure 3(A)).

Synthetic mRNA encoding the GlyCl-A288G mutant
fused to a tdTomato fluorescent tag (tom) was injected into
Xenopus embryo blastomeres at the 32-cell stage (allowing
for the targeting of progressively smaller regions of the
developing embryo) as schematized in figure 3(B). These
embryos were then treated 0.05 μM ivermectin. At this
concentration, ivermectin does not affect endogenous GlyCl
channels (confirmed by lack of hyperpigmented effect in
uninjected tadpoles treated with this low ivermectin dose);
however, we observed hyperpigmentation when embryos were
pre-injected with the GlyCl-A288G-tom mutant and then
exposed to the lower ivermectin level. Embryos were reared
to stage 22, at which point they were sorted for tdTomato
expression (figure 3(C)) to determine which regions had been

affected by the depolarizing treatment, and allowed to develop
to tadpole stage (stage 45), at which point they were scored
for hyperpigmentation.

By correlating the degree of hyperpigmentation with the
location and size of the region rendered sensitive to low
ivermectin-induced depolarization, we performed a survey of
the spatial limits of the depolarization → hyperpigmentation
effect. tdTomato expression in hyperpigmented tadpoles
was highly variable. However, even very small depolarized
regions at the very posterior of the tadpole were able
to produce embryo-wide hyperpigmentation (figures 3(D)–
(F)). Depolarization of small regions of GlyR-A288G-tom
injected cells produced hyperpigmentation in 48.3% (N =
267) of embryos treated with low dose of ivermectin. Thus,
depolarization-induced hyperpigmentation of large and distant
body regions only requires a small number of instructor cells
to be depolarized.

3.4. Monoamine vesicle transporter regulates
transformation-relevant serotonin levels

Depolarization functions non-cell-autonomously to affect
melanocyte behavior. The long-range signal is mediated by
serotonin (Blackiston et al 2011). Serotonin is an important
signaling molecule that participates in a wide range of
physiological systems. Increasing evidence also indicates that
serotonin plays a developmental role before it becomes a
neurotransmitter, affecting craniofacial, gastrointestinal and
cardiovascular morphogenesis (Buznikov et al 2001, Levin
et al 2006, Moiseiwitsch, 2000, Nguyen et al 2001). Our
prior work showed that the regulation of serotonin levels by
the voltage-regulated serotonin transporter SERT is essential
for the transduction of Vmem changes into changes in cell
behavior observed during hyperpigmentation (Blackiston et al
2011a). One model (figure 1(F)) is that when the membrane of
instructor cells is depolarized, SERT not only fails to clear the
extracellular space of excess serotonin, but exports additional
serotonin (Adams and DeFelice, 2002, Hilber et al 2005). The
excess serotonin level surrounding the developing melanocytes
induces their neoplastic-like behavior (Blackiston et al 2011).

We next sought to determine whether intracellular stores
of serotonin were also involved in the depolarization-induced
hyperpigmentation. The vesicular monoamine transporter
(VMAT) is responsible for the translocation of monoamines
(including serotonin) from the cytoplasm into storage vesicles
(Wimalasena 2011). As part of a suppression screen (Adams
and Levin 2006, 2012a), we applied a VMAT antagonist
together with ivermectin treatment to determine whether
the VMAT function was required for depolarization to be
effectively transduced into changes in melanocyte behavior.
Treatment with the VMAT blocker, reserpine, reduced
ivermectin-induced hyperpigmentation significantly (table 2),
without other apparent effects on overall patterning or embryo
health. It is likely that the intracellular packaging of serotonin
in GlyCl-expressing cells is important, as it is in synapses,
for cooperating with SERT to regulate tissue serotonin levels
needed to activate melanocytes.
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(A)
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Figure 3. Hyperpigmentation requires the depolarization of only a small number of instructor cells. (A) Embryos that had been injected at
the 1-cell stage with GlyCl-A288G-tom, a GlyCl channel with increased sensitivity to ivermectin fused to a tdTomato fluorescent label, were
treated with 0.05 μM ivermectin. This resulted in significant rates of hyperpigmentation, while uninjected control embryos had no
phenotype, demonstrating that this level of ivermectin does not trigger native GlyCl in instructor cells. (B) Injections of GlyCl-A288G-tom
were done into a randomly chosen 1 cell of stage 6 Xenopus embryos. Embryos were then treated with 0.05 μM ivermectin, sorted at stage
22 for discrete tdTomato signal localization (C), then reared to stage 45 and scored for hyperpigmentation. (D–F) Analysis of stage 45
hyperpigmented tadpoles reveals that only a small number of GlyCl-A288G-tom-expressing cells (blue arrows) are necessary to induce
hyperpigmentation.
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Table 2. Hyperpigmentation involves VMAT function. Embryos
were exposed to either 1 μM ivermectin, 100 μM reserpine (a
VMAT antagonist), or a combination of both agents from stage 10 to
46 (from gastrulation to organogenesis). Ivermectin exposure alone
resulted in a high incidence of hyperpigmentation, not seen in
control embryos. Concurrent exposure to ivermectin and reserpine
significantly reduced the rate of ivermectin-induced
hyperpigmentation.

Ivermectin +
Control Ivermectin Reserpine Reserpine

Normally-pigmented 124 5 46 16
tadpoles
Hyperpigmented 1 97 0 54
tadpoles
% hyperpigmented 0.8% 95.1% 0% 77.1%∗

n 125 102 46 70

∗p < 0.01 compared to ivermectin treatment alone, students t-test.

3.5. A model of serotonin receptors for signal transduction
during hyperpigmentation

The levels of serotonin are regulated by SERT and VMAT,
but the activation of melanocytes must be transduced by a
receptor. Thus, we next sought to deduce which serotonin
receptor is required for the depolarization of instructor cells
to be effectively transduced into changes in melanocyte
behavior. Extracellular serotonin receptors can be divided
into seven classes based on their pharmacological profiles,
primary sequences and signal transduction mechanisms; with
the exception of 5-HT3, a ligand-gated ion channel, all
other 5HT receptors are G-coupled protein receptors that
activate intracellular second messenger cascades (Barnes and
Sharp 1999). Using the same suppression screen strategy
that implicated both SERT and VMAT, individual inhibitors
of serotonin receptors were used together with ivermectin
treatment to investigate whether receptor inhibition could
suppress the depolarization-induced hyperpigmentation.

We began the screen with the broad-spectrum receptor
antagonist, methiothepin, which blocks 5-HT receptor types
1, 2, 5, 6 and 7 (Monachon et al 1972). Treatment
with methiothepin was successful in significantly reducing
hyperpigmentation rates when embryos were exposed to
both this serotonin antagonist and depolarizing ivermectin
(table 3). However, surprisingly, treating embryos with this
receptor antagonist alone (i.e. without ivermectin) resulted
in hyperpigmentation in 65.8% of embryos! The ability of
a receptor blocker to suppress the transformation phenotype
when it is being induced by depolarization, but also to induce it
on a wild-type background animal suggested the involvement
of multiple serotonin receptors that antagonized each other’s
activity. We thus went on to test the involvement of each
serotonin receptor subtype by targeting them individually
using receptor specific antagonists. Treatment with blockers
of receptors 3, 4, 5, 6 or 7 (10 μM tropisetron, 1 μM GR
113808, 2.5 μM SB 699551, 50 μM Ro 04–6790 and
50 μM SB 258719, respectively) did not result in any
reduction in ivermectin-induced hyperpigmentation (table 4).
However, exposure to both 5-HT receptor 1 and receptor 2
antagonists (50 μM Cyanopridolol and 10 μM Altanserin,

Table 3. Blocking multiple 5-HT receptors induces
hyperpigmentation, but inhibits depolarization-induced
hyperpigmentation. Embryos were exposed to either 1 μM
ivermectin, 10 nM methiothepin (antagonist to serotonin receptors
1, 2, 5, 6 and 7), or a combination of both agents from stage 10 to 46
(from gastrulation to organogenesis). Ivermectin exposure alone
resulted in a high incidence of hyperpigmentation, not seen in
control embryos. Exposure to methiothepin significantly reduced
ivermectin-induced hyperpigmentation, but was also able to induce
hyperpigmentation on its own.

Ivermectin +
Control Ivermectin Methiothepin Methiothepin

Normally 331 7 67 27
pigmented
tadpoles
Hyperpigmented 8 151 129 78
tadpoles
% hyperpigmented 2.4% 95.6% 65.8%# 74.3%∗

N 339 158 196 105

∗ p < 0.01 compared to ivermectin treatment alone, # p < 0.01
compared to control, students t-test.

respectively), significantly reduced hyperpigmentation in
embryos also treated with ivermectin. Treatments of
receptor antagonists without ivermectin revealed that blocking
5-HTR-5 and blocking 5-HTR-1 led to significant levels of
hyperpigmentation (30.4% with 2.5 μM SB 699551, and
22% with 10 μM cyanopridolol). Taken together, these data
presented a complex serotonergic signal transduction network
operating between changes in Vmem and hyperpigmentation.

The results of the suppression screen revealed
that blocking serotonin receptors could both suppress
depolarization-induced hyperpigmentation, and hyperpigment
on its own. Even more puzzling was the stochastic nature of
the all-or-none phenotype; some individuals in the treated
population would become hyperpigmented, and some would
not, but none exhibited a partial phenotype: the whole body
behaves as a ‘unit’ with respect to melanocyte behavior, but
the decision whether to express the transformed melanocyte
phenotype is variable among the identically treated population.
In order to formulate a model that quantitatively predicts and
explains this complex counter-intuitive dataset, we undertook
a computational approach. The specific details of the method
will be published in a subsequent manuscript highlighting
the application of network searches to difficult problems in
developmental signaling. We began with a network of possible
functional relationships between serotonin and its receptors
(see supplementary data—supplement 1 (available from
stacks.iop.org/PhysBio/9/065002/mmedia)), and constrained
it using known data on the interplay between antagonistic
serotonin receptors in mammary cell development (Pai and
Horseman, 2008, Stull et al 2007). Using simulated annealing
to find connectivity values that correctly predict the results
of all of our experiments, we arrived at a model consistent
with our data (figure 4). It explains the observation that using
an antagonist to multiple serotonin receptors can suppress
hyperpigmentation when used with ivermectin treatment, yet,
induce hyperpigmentation even when instructor cells are not
depolarized. In the endogenous case, when instructor cells
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Table 4. Rescue of hyperpigmentation reveals involvement of 5-HT receptors 1, 2 and 5. Embryos were exposed to either 1 μM ivermectin
concurrent with a selective serotonin (5-HT) receptor antagonist, or a serotonin receptor antagonist alone from stage 10 to 46 (from
gastrulation to organogenesis). Ivermectin exposure alone resulted in a high incidence of hyperpigmentation (HP), not seen in control
embryos. Exposure to tropisetron, GR113808, Ro 04–6790, or SB 258719 did not inhibit hyperpigmentation or induce hyperpigmentation.
However, exposure to either cyanopridolol or altanserin effectively reduced ivermectin-induced hyperpigmentation, while treatment of
SB699551 was able to hyperpigment on its own.

5-HT Receptor Blocked Control R1 R2 R3 R4 R5 R6 R7

Antagonist None Cyano- Altan-serin Trop-isetron GR 113808 SB 699551 Ro 04–6790 SB 258719
pridolol

% HP w/ivermectin 95.6% 83.6%∗ 70.9%∗ 96.2% 96.6% 92.0% 92.6% 93.8%
% HP w/o ivermectin 2.4% 5.9% 3.5% 1.4% 0% 30.4%# 0% 0%
treatment

∗ p < 0.01 compared to ivermectin treatment alone, # p < 0.01 compared to control, students t-test.

are not depolarized, extracellular serotonin levels remain
low. Under these conditions, blocking multiple receptors
also blocks the serotonin receptor that normally maintains
correct melanocyte morphology (receptor 5—a suppressor of
transformation), inducing hyperpigmentation in a significant
proportion of treated embryos. Following instructor cell
depolarization, excess serotonin is expelled into the milieu of
the developing melanocytes, resulting in binding to receptors
that are not normally activated (receptors 1 and 2). Binding
to receptors 1 and 2 overcomes baseline inhibitory activity
of receptor 5. Thus, blocking receptors 1 and 2 with a broad
serotonin receptor antagonist can decrease hyperpigmentation
rates, but not completely, since it is also blocking the serotonin
receptor involved in maintaining melanocyte behavior. The
multiple competing levels of inhibition and activation among
elements in this model and the sigmoidal response curve
of the transforming transcription factors Slug and Sox10
(Morokuma et al 2008) to the cAMP output of the serotonin
receptor account for the pharmacology data and the bi-
modal behavior of the output (all-or-none character of the
hyperpigmentation phenotype); this scheme makes a number
of specific, quantitative predictions that can be tested to refine
the model in subsequent investigations.

3.6. Global voltage change during chemically-induced
tumorigenesis

Our previous data focused on metastatic-like phenotypes
induced by voltage change in the absence of chemical or
genetic insult. We next sought to characterize the voltage
changes that may function during the processes initiated by
traditional carcinogens. Exposure to 42 μM 4NQO, a known
carcinogen (Boroughs et al 2011, Hirose et al 1976, Li et al
2011, Pai et al 2009), induced global hyperpigmentation
(figures 5(A) and (B)), consistent with the above-described
effects of depolarization (figure 1(B′)). Unlike the instructor-
cell depolarization, this also caused discrete tumor-like
structures (ITLSs) to be formed (figure 5(C), yellow
arrowhead), which also attracted vasculature (figure 5(D),
red arrowheads, supplementary movie 1 (available from
stacks.iop.org/PhysBio/9/065002/mmedia)). We specifically
examined transmembrane potential in the exposed tadpoles
using voltage-sensitive fluorescent reporter dye, DiBAC4 (3)
(Adams and Levin 2012c, Pai et al 2012). We observed

an embryo-wide depolarization, but only in approximately
half of the treated tadpoles (figures 5(E) and (E′)). We
conclude that exposure to carcinogens affects the bioelectrical
state of many more cells than those in the resulting tumor;
however, this effect is highly variable among a population of
individuals.

3.7. Sodium content reveals tumors

It has long been noted that tumor cells can be distinguished
from normal cells by their aberrant transmembrane potential
(Binggeli and Weinstein 1986, Burr et al 1938). However, a
number of normal patterning events are also driven by localized
depolarizations (Lange et al 2011, Pai et al 2012, Sundelacruz
et al 2008); thus, non-invasive detection of incipient tumors
will depend on the discovery of additional biophysical criteria
that would allow the defining of a narrower physiological
signature by which to distinguish prospective cancer sites from
normal.

Gli1 mRNA, encoding a known human oncogene
(Dahmane et al 1997, Kasper et al 2006), was injected
into one blastomere of Xenopus embryos at the 2-cell stage.
Embryos were then raised to early tadpole stages (stage
35), at which point ITLSs were clearly visible (figure 6(A)).
We then imaged these Gli1-induced tumors with the sodium
reporter dye CoroNa Green, which revealed that such tumors
are indeed enriched for sodium (figures 6(A)′ and (A′′)). To
determine whether elevated sodium levels could be a predictor
of future tumor development, we imaged neurula-stage (stage
15) embryos with CoroNa Green. At this stage, there were
no histological or morphological signs of incipient tumors;
however, Gli1-injected embryos exhibited foci with unique
sodium content (compare figures 6(B) and (C)). Out of the
∼30% of Gli1-injected embryos displaying CoroNa foci (N =
81), 46% (sensitivity value) formed morphologically apparent
ITLSs by stage 35 (figure 6(D)). Other predictive parameters
tested include specificity (82%), false positive (44%) and false
negative (18%). Together, data collected suggest that unique
bioelectric sodium signal is indicative of the prospective tumor
formation.

3.8. Forced hyperpolarization reduces tumor incidence

If transmembrane potential is a causal factor in tumorigenesis,
as it is in metastatic transformation of melanocytes, then
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(A) (B)

Figure 4. A model of melanocyte control by serotonergic signaling downstream of voltage change. (A) In unperturbed embryos, ion
transporters keep the plasma membrane in a state where it is able to power the reuptake of extracellular 5-HT through its transporter, SERT,
and regulate intracellular 5-HT levels with VMAT. With normal extracellular 5-HT levels, binding to 5-HT-R5 maintains normal melanocyte
behavior by regulating cAMP levels, which in turn maintain low Sox10 and Slug levels and suppress melanocyte transformation. (B) When
the instructor cell population is depolarized, VMAT no longer functions properly to sequester serotonin inside vesicles, and SERT runs
backwards, exporting additional 5-HT into the microenvironment of the melanocytes. At high extracellular 5-HT levels, 5-HT activates
5HT-R1 and 5HT-R2. Binding to 5-HT-R2 induces the transformation of melanocytes. R1-binding (which induces hyperpigmentation)
functions to partially suppress the effects of R2-binding, and increase the effects of R5-binding through the regulation of intracellular cAMP
levels.

artificial hyperpolarization of cells ought to reduce the
incidence of tumorigenesis. We used two canonical oncogenes
that induce tumors (rhabdomyosarcoma, lymphoma and
various solid cancers) in Xenopus, Xrel3 (Yang et al 1998)
and KRASG12D (Le et al 2007). Electroporation of either
mRNA consistently ITLSs in ∼45% of electroporated embryos

(figures 7(A)–(C)). Remarkably, pre-injection of the embryos
with mRNA encoding a hyperpolarizing Kir4.1 channel
(previously characterized and shown to persist in the animal
for days and hyperpolarize cells (Aw et al 2008, Pai et al
2012)) significantly reduced the percentage of embryos that
develop tumors (by roughly 25% and 75% in Xrel3 and
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Figure 5. Exposure to carcinogen 4NQO induces hyperpigmentation, embryo-wide depolarization, and tumor-like structures.
(A) Unperturbed stage 45 embryo showing normal pigmentation in the dorsoanterior region. (B) Stage 45 embryos treated with 42 μM
4NQO for 24 h exhibited the hyperpigmentation. Following exposure, hyperproliferative melanocytes migrated and colonized regions that
are normally devoid of melanocytes. (C) A stage 47 embryo with a typical induced tumor-like structure (ITLS, yellow arrowhead). To
generate this phenotype, embryos were treated with 42 μM 4NQO for 24 h; ITLSs were observed 48 h post termination of 4NQO treatment.
(D) A stage 48 embryo showing vascularization (red arrowheads) of an ITLS (yellow arrowhead). See supplementary movie 1 (available
from stacks.iop.org/PhysBio/9/065002/mmedia) for a movie of the blood flow that more clearly reveals the attraction of vasculature by this
tumor-like structure. (E) Imaging with DiBAC4(3) (a fluorescent Vmem reporter) using fluorescent confocal microscopy as previously
described (Adams and Levin 2012c) reveals that 53.3% of hyperpigmented embryos (n = 21) are relatively depolarized (the panel shows
four embryos, side by side, as shown by white ring-light view of the same 4 embryos in panel E′).
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Figure 6. Overexpression of Gli1 results in ITLSs with unique Na+ signature. (A) A stage 35 embryo showing Gli1 ITLS on its tail. To
generate this phenotype, embryos were injected with 2ng of Gli1 mRNA into 1 of 2 cell stage embryos. Injected embryos were raised to
stage 35 and were imaged using bright-field microscopy. (A′) Imaging using CoroNa green (fluorescent Na+ content reporter) reveals that
tumor cells have relatively higher (but heterogeneous) Na+ content as compared with healthy surrounding tissue. (A′′) Overlay of bright field
and FITC (CoroNa green) images showing co-localization of ITLS and unique Na+ fluorescent signal, confirming that foci of ITLS and
unique Na+ signature are identical. (B) An unperturbed stage 15 embryo showing the normal Na+ content along the neural tube (white
arrowheads). (C) At stage 15, when there are no histological and morphological signs of ITLS, Gli1-injected embryos exhibit foci with
unique Na+ content (red arrowheads) as well as the normal Na+ signal within the neural tube (white arrowheads). (D) At stage 15, unique
Na+ content foci were present in 29.6% (black bar) of Gli1 injected embryos (n = 81), 45.8% of which (red bar) formed morphologically
apparent ITLSs by stage 35. In unperturbed embryos, unique Na+ content foci were observed in only 6% (black bar) of all treatments (n =
50), and no ITLS formation was observed. #p < 0.001; ∗p < 0.001; χ2 test compared to uninjected embryos.

KRAS12D, respectively; figure 7(D)). We conclude that
depolarized transmembrane potential is a causative factor in
tumor induction by two canonical oncogenes, and that this
signal can be counteracted by hyperpolarizing ion flows.

3.9. Hyperpolarization without gene therapy

If hyperpolarization is to become a viable treatment modality
to reduce tumor incidence, then it will be beneficial to
avoid the need for the introduction of transgenes, as
biomedical gene therapy involves a number of safety and
efficacy hurdles. Following the same strategy we used
to regulate voltage levels to induce organ regeneration
without introduction of transgenes (Tseng et al 2010), we
sought to use pharmacological reagents to capitalize on ion
channels already natively expressed in the relevant tissues.

Overexpression of Xrel1 using mRNA injections directed into
one blastomere of 2-cell embryos results in ITLSs in 65%
of embryos. Raising the extracellular chloride level of the
tadpoles’ medium, thus hyperpolarizing via chloride channels,
significantly reduced the incidence of tumors in embryos that
had been pre-injected with Xrel3 (figure 8), suggesting the
presence of an endogenous depolarizing chloride channel
that contributes to tumorigenesis. Consistently with this,
application of indanyloxy acetic acid (IAA), a potent
pharmacological blocker of chloride channels, abolished
the high-chloride inhibition of tumorigenesis. We conclude
that endogenous chloride channels contribute to the voltage
regulation that mediates oncogene-induced tumor formation,
and these channels represent a potentially convenient target
for modulation of this process.
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Figure 7. Oncogene-induced ITLSs can be suppressed by prior
injection of hyperpolarizing channel mRNA. (A) An unperturbed
(control) stage 29 embryo showing normal development. (B)
Embryos that are electroporated with Xrel3 DNA at stage 10 exhibit
ITLSs by stage 29 (red arrowhead). (C) Embryos that are
electroporated with KRASG12D DNA at stage 10 exhibit ITLSs by
stage 30 (red arrowhead). (D) Xrel3 and KRASG12D ITLS
formation can be partially blocked by forced pre-hyperpolarization
via molecular expression of Kir4.1 (a hyperpolarizing channel).
Injection of Kir4.1 mRNA at the one-cell stage followed by
electroporating with oncogene DNA at stage 10 results in 25.8%
fewer embryos with ITLSs compared with Xrel3 electroporation on
a wild-type background and 46% fewer embryos with ITLSs
compared with KRASG12D electroporation on a wild-type
background. ∗p < 0.05 One-sample t-test to a normalized ITLS
incidence (set to 1) in Xrel3- or KRASG12D-electroporated
embryos.

Figure 8. Pharmacological targeting of endogenous Cl− channels
suppresses Xrel3 ITLSs. Overexpression of Xrel3 in 1 of 2 cell stage
embryos results in ITLSs in 65% of the embryos. When
Xrel3-injected embryos are exposed to a medium containing high
chloride levels (70 mM), ITLS incidence is reduced to 46.8%,
suggesting the presence of a native chloride channel that would
mediate the hyperpolarization by influx of Cl− ions. The ITLS
suppression effect can be blocked by pharmacological blockade of
Cl− channels – exposure to indanyloxy acetic acid (IAA) along with
the high chloride results in the baseline ITLS incidence of 63.5%,
similar to that of Xrel3 only treatment. ∗p < 0.01; One-way
ANOVA; Bonferroni post hoc.

4. Discussion

4.1 Cancer in an in vivo model: developmental dysregulation

The Xenopus tadpole is an ideal model for understanding
the interplay between normal developmental cues and the
defects of morphostasis that manifest as cancer. Its
amenability to physiology, molecular genetics, cell biology
and pharmacology techniques allowed us to investigate
two very different aspects of malignancy. The first was a
widespread metastatic conversion affecting many mature cells
(melanocytes) throughout the body with no definable ‘tumor’
at its source. Our data suggest that even in the absence
of a primary tumor, the main properties of metastasis
(overproliferation, cell shape change that facilitates invasion,
and colonization of other organs and tissues) can be conferred
upon a mature cell type. While originally the phenotype was
discovered by its obvious effect on melanocytes, we found that
vascular patterning was also affected (figure 2), consistent with
the well-known role of aberrant vasculogenesis as a hallmark
of cancer. While tadpoles with depolarized instructor cells have
no obvious anatomical defects, it is possible that other, even
more subtle changes still remain undetected. Future studies in
transgenic animals with other fluorescently-marked cell types,
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or detailed marker analysis in sections, may identify additional
cell populations that are regulated by the instructor cells.

4.2. Bioelectric aspects of the microenvironment—melanoma
at a distance

Resting potential across the plasma membrane is a crucial
parameter regulating many aspects of cell behavior (Blackiston
et al 2009, Cone 1974, Cone and Cone 1976, Sundelacruz
et al 2009). Spatio-temporal changes in Vmem occur due
to the opening and closing of existing ion translocators
(post-translational regulation by physiological cues). These
alterations of the biophysical cell state (bioelectric signals)
are thus a source of non-genetic information during
development and regeneration, and are now increasingly
understood as an important factor in cancer. The signal
from depolarized neighbors that confers metastatic-like
behavior upon melanocytes is mediated by serotonin. This
neurotransmitter has been shown to mediate bioelectric signals
into transcriptional cascades in other aspects of developmental
regulation (Carneiro et al 2011, Levin et al 2006), and has been
linked to carcinogenesis through studies of serotonergic drugs
and activity of serotonin pathway enzymes in tumors (Brandes
et al 1992, Dizeyi et al 2004, Kannen et al 2011, Manda et al
1988, Meredith et al 2005, Pai et al 2009, Vicaut et al 2000).
Interestingly, only a very small region of the embryo has to
be depolarized for all of the melanocytes to become activated
(figure 3). Indeed, the minimal signaling unit is likely to be
even somewhat smaller than revealed by the fluorescence in
figures 3(E) and (F) because not every targeted cell is going to
be maximally depolarized.

While the few millimeter length of a tadpole is not
considered a very long distance on the size scale of human
tumors, the ability of a few cells on the tail to influence all of the
melanocytes in the animal’s head region is a remarkably long-
range developmental signal. Serotonin is difficult to image
in vivo because any tag placed on could significantly change its
size and thus diffusion/transport dynamics; the development
of novel techniques that would allow molecular tracking
of serotonin movement in living embryos represents an
important area for future work, since dissecting the dynamics
of cross-body transfer of this important signaling molecule
is likely to shed light on both developmental regulation and
cancer. Interestingly, it is now known that transglutaminase
is an important component of transformation-conferring
microvesicles from cancer cells (Antonyak et al 2011, Li et al
2011); transglutaminase is important for serotonin signaling
(Dale et al 2002, Paulmann et al 2009, Walther et al 2003), and
future work will test the hypothesis that serotonin is involved in
microvesicle-mediated passage of transformation among cells
in biomedical settings.

The endpoint of the serotonergic signaling triggered
by depolarization is a change in behavior of melanocytes
toward metastatic melanoma. Because melanocytes are
derivatives of the migratory neural crest, they have conserved
significant neuronal characteristics, including production of
neurotransmitters and expression of their functional receptors
(Slominski 2009, Slominski et al 2003). Indeed, the skin of

amphibians, rodents and humans has been shown to contain
endogenous serotonin receptors (English et al 1992, Potenza
and Lerner 1994, Slominski et al 2004). Human cutaneous
melanocytes are also immunoreactive to serotonin (Johansson
et al 1998) and express multiple serotonin receptor subtypes
(Slominski et al 2003). Taken together, melanocytes can be
thought to act as the ‘neurons of the skin’—a hypothesis that
is quite similar to the ‘acquisition of excitability’ that has been
suggested as underlying the role of onco-fetal sodium channels
in cancerous transformation (Brackenbury et al 2008, Onganer
et al 2005). We hypothesize that the extension of abnormal long
projections (figures 1(E) versus (E′)) may be another indicator
that melanocytes have assumed some nerve-like properties as
part of this transformation, much as melanoma cells have been
described to mimic vascular cells (Hendrix et al 2003, Lee
et al 2005, Maniotis et al 1999).

4.3. Serotonin: transducing voltage change into cellular
effectors

In addition to its roles in development, serotonin also has
well-established functions as a regulator of mitosis and tumor
growth in adult human tissue. The ability of serotonin signaling
to cause melanocytes to proliferate is consistent with its
proposed role as an unconventional mitogen (Fanburg and
Lee 1997, Gustafsson et al 2006, Lee et al 1999, Nebigil
et al 2000), while the induced change of shape to a highly
arborized appearance has been also observed in human
melanocytes (Blackiston et al 2011) and breast cells (Pai et al
2009). Our pharmacological data relied on well-characterized
inhibitors to suggest VMAT as an important regulator of
serotonin availability for export by instructor cells, as well as
several receptor proteins; future studies using gene-specific
knockdown will be necessary to conclusively confirm the
identity of the gene products involved.

The inhibitor data painted a complex picture: How can
inhibition of a receptor suppress hyperpigmentation from
depolarizing treatments but induce hyperpigmentation when
used on its own? A model (figure 4) based on the competing
interactions between serotonin receptors and the downstream
cAMP signaling in the breast cell field (Pai et al 2009) was
our basis for a model that explains these data. Our model
also has the advantage that it explains the bistable (all-or-
none) hyperpigmentation phenotype: the dynamics of such
networks, together with the known variable initial serotonin
concentration among animals (Fukumoto et al 2005), results in
two stable ‘attractor’ states with respect to final output (Ferrell
and Xiong 2001, Gallaher et al 2010, Sachdeva et al 2010,
Xiong and Ferrell 2003), corresponding to the activation of
transformation or maintenance of normal melanocyte state.
Our future work will be focused on refining a quantitative
model of this network, developing our method into a general-
purpose bioinformatics tool to help scientists formulate
predictive models from puzzling functional data and building
a detailed picture of cAMP signaling among cells in vivo,
using optogenetic control of cAMP levels (Weissenberger et al
2011). Regardless of the specifics of the model, the opposing
activity of several serotonin receptors suggests that therapeutic
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approaches must be based on the quantitative simulation of the
relevant physiology—the desired outcome will unfortunately
not be as simple as applying serotonergic blocker drugs to
melanoma.

4.4. Localized tumorigenesis and bioelectric cues

Transmembrane voltage level is not only an initiator
of dispersed metastasis but is involved in formation of
discrete tumor-like structures. Exposure to well-known
carcinogen 4NQO results in tumors with functional blood
vessels (figures 5(C) and (D), supplementary movie 1
(available from stacks.iop.org/PhysBio/9/065002/mmedia));
interestingly, the directly-detected (figure 5(E)) change of
transmembrane potential throughout the organism, and its
attendant hyperpigmentation (figure 5(A)) reveal a kind of
field carcinogenesis (Brink et al 2012, Volkov et al 2011a,
Volkov et al 2011b)—a change in the physiology of cells
well outside of the region containing an anatomically-apparent
tumor. While the channels responsible for cancer-relevant
sodium (figure 6) and chloride (figure 7) fluxes remain to
be genetically identified in this system, all of the data indicate
that it is the voltage and ion content, not the molecular identity
of the translocator protein, that is crucial for determining cell
behavior. Thus, systems of fluorescent voltage- and sodium-
reporter dyes may be a useful modality for the identification
of the transformed field prior to, and around the site of, tumor
formation in clinical settings.

Interestingly, we observed considerable heterogeneity
in the voltage responses of animals treated with 4NQO.
We found about half the number of animals to be largely
depolarized throughout their bodies, while the other half
appeared unaffected. This bi-stability, similar to that discussed
for the hyperpigmentation serotonin signaling pathway above,
may be a common feature of physiological networks (Williams
et al 2002) and could underlie the well-known heterogeneity
among human patients with respect to cancer susceptibility
and response to treatments. We suggest that in addition to the
epigenetic profiling currently under way to help understand
differences among the population, the states of physiological
(not genetic) networks should play an important part in
understanding inherent variability in cancer-relevant processes
(Rubin 1985, 1990).

4.5. Conclusions and future prospects

These studies have provided important details on the
fascinating novel area of voltage regulation of cancer; however,
many new questions now arise. The spatial properties of
voltage-regulated serotonergic long-range signaling, and the
complex dynamics of physiological networks upstream of key
cell decisions are both likely to be of relevance not only to
developmental patterning, but also to a new understanding of
the biophysics of the tumor microenvironment. In addition
to the basic biology revealed by this pathway, these data
suggest a number of approaches with biomedical applications.
The search for new types of instructor cells adds an
interesting dimension to the current focus on stem cells
as a uniquely important cancer cell population. Moreover,

the ability to visualize tumor and carcinogen-modified cells
via physiological dyes likely represent interesting non-
invasive diagnostic modalities to identify tissues at risk
or tumor margins during surgery. Most excitingly, forced
hyperpolarization (figures 7 and 8) via either molecular-
genetic or pharmacological means can functionally reduce
tumor incidence. It is likely that capitalizing on the functional
significance of transmembrane potential as a mediator of
pattern maintenance and tumor suppression in vivo represents
an exciting and important future approach for cancer
management. It is hoped that by unraveling fundamental
roles of bioelectricity in pattern formation, biomedicine will
someday be able to activate at will the remarkable pathways
that highly regenerative model species use to normalize,
not kill, tumor tissue (Donaldson and Mason 1975, Rose
and Wallingford 1948, Seilern-Aspang and Kratochwill 1965,
Wolsky 1978).
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