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Many motile cells, including epithelial cells, keratino-
cytes, leukocytes and cancer cells, can sense extracellular
weak electric fields (EFs), and migrate directionally, a
phenomenon termed electrotaxis/galvanotaxis.1 Direct
current EFs have been detected at wounds, tissue lesions
and during development in many organisms, including
human. The molecular mechanisms by which cell senses
extracellular EFs, however, remain largely unknown.1

“Taxis” is the directional movement of a cell (or a free-
moving organism) in response to environmental stimuli,
and plays fundamental roles at both cellular and tissue
levels.2 Many types of taxis have been identified, and
some of them are well characterized.2 For example, direc-
tional migration of cells toward or away from a soluble
chemical compound is known as chemotaxis, and many
receptors that are necessary for sensing the chemical
compound and transduce its signals to intracellular
downstream pathways have been identified and well
characterized.3 Previous research demonstrated that gal-
vanotaxis shares some similar signaling pathways with
chemotaxis.4 Like chemotaxis, galvanotaxis is thought to
be a crucial cellular behavior for maintenance of homeo-
stasis in our body, e.g. wound healing, angiogenesis, and
development. In addition, electric stimulation could be a
promising therapeutic method to treat non-healing
chronic wounds such as diabetic foot ulceration, since
keratinocyte migration can be controlled/enhanced by
exogenously applied EFs.

To discover sensor molecules/sensing mechanisms
for extracellular EFs in galvanotaxis, we first developed
a more efficient method to determine galvanotaxis

responses of cultured cells. We then knocked down
individual genes in a human corneal epithelial cell line
(hTCEpi cells) using a siRNA library of 381 ion chan-
nels, pumps, transporters and other putative channel
encoding genes. Screening of the knockdown cells pro-
duced a comprehensive profile of galvanotaxis pheno-
types. This analysis identified 35 gene knockdowns
that showed significant effects on galvanotaxis. Knock-
down of KCNJ15 and 8 others genes significantly
decreased the directedness value (a quantification for
how directionally cells move in an EF). Knockdown of
CLCN1 or any of 8 other genes significantly increased
the directedness. From the ion channels identified, we
focused on KCNJ15 because its knockdown showed
the most severe reduction of directionality without
affecting migration speed, and revealed a unique sens-
ing mechanism.5 KCNJ15 encodes inwardly rectifying
KC channel Kir4.2. We confirmed the knockdown effi-
ciency by checking RNA and protein products of
KCNJ15. Knockdown was also confirmed by mem-
brane potential measurement; membrane potential of
KCNJ15 knocked down cells (¡39 mV) is less negative
than that in control cells (¡52 mV).

Knocking down of KCNJ15 in hTCEpi cells
impaired galvanotaxis significantly, abolishing direc-
tionality without any effect on migration speed. Phar-
macological inhibition of Kir4.2 by Ba2C also strongly
impaired galvanotaxis. In an EF, some types of cell
migrate toward the anode, opposite to the direction of
hTCEpi cell galvanotaxis. Importantly, knocking down
of KCNJ15 also impaired anode-directed galvanotaxis
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of human keratinocyte-derived HaCaT and human
breast cancer-derivedMDA-MB-231 cells.

The inward rectification property of inwardly rectify-
ing KC (Kir) channels is mediated by positively charged
intracellular small molecules called polyamines.6 Endoge-
nous polyamines, spermine and spermidine in human
and most mammals bind to negatively charged amino
acid residues located in the pore region of the channel
and block outward flux of KC. We next evaluated
the effect of intracellular polyamines depletion on

galvanotaxis. Depletion of polyamines significantly
inhibited galvanotaxis, as in knock down and inhibitor
experiments. We then replaced the negatively charged
residue in the pore region (glutamic acid at position 157
of human Kir4.2) with asparagine, and expressed the
mutant protein (E157N) in hTCEpi cells. Expression of
E157N significantly inhibited galvanotaxis. We also
tested if an EF affects distribution of Kir4.2 protein on
the plasma membrane. However, distribution of Kir4.2
protein was not affected by an extracellular EF. Interest-
ingly, application of an EF caused asymmetrical distribu-
tion of intracellular polyamines; polyamines were
accumulated at the cathode-facing side of the cells. It has
been reported that phosphatidylinositol-3, 4, 5-trisphos-
phate (PIP3) is recruited to the leading edge in cell under-
going directional migration, including galvanotaxis.4

Cathode-facing accumulation (accumulation at the lead-
ing edge of the cell) of PIP3 was not observed in KCNJ15
knocked down and Ba2C-treated hTCEpi cells. Further-
more, the expression of E157N mutant protein also
impaired cathode-facing accumulation of PIP3 in
hTCEpi cells. These observations suggest that KCNJ15/
Kir4.2 and its interaction with polyamines are essential
for EF sensing for galvanotaxis.

This study revealed that the concerted action of 2mol-
ecules, potassium channel Kir4.2 and polyamines, are
required for cells to sense an extracellular EF for galvano-
taxis (Fig. 1). Importantly, this sensing mechanism
appears to be important for both cathode- and anode-

Figure 1. A hypothetical 2-molecule model for KCNJ15/Kir4.2
and intracellular polyamines in electric field sensing through
biased inward rectification of potassium channels. (A) In an elec-
tric field, intracellular polyamines accumulate at the cathode-fac-
ing side and modulate the rectification property of KCNJ15/
Kir4.2. The cathode would show an increased inward rectifying
property, whereas the anode side would show a decreased
inward rectifying property. This biased inward rectification of
potassium channels to the cathode side would result in direc-
tional sensing. (B) In a polyamine-depleted cell, the rectification
property of KCNJ15/Kir4.2 in the cell would be lost at both cath-
ode and anode sides thus would decrease biased inward rectifi-
cation in the cell, and result in loss of directional sensing. (C) In a
KCNJ15 knocked down cell, as well as in pharmacological inhibi-
tion, biased inward rectification would also be significantly
decreased, causing loss of directional sensing. (D) In polyamine-
binding defective mutant E157N expressing cells, polyamines
cannot bind to KCNJ15/Kir4.2, so rectification property of
KCNJ15/Kir4.2 in the cell would be lost at both sides, thus pre-
venting biased inward rectification of potassium channels in an
electric field resulting in loss of directional sensing.
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migrating galvanotaxis. These data suggest for the first
time a 2-molecule sensingmodel in galvanotaxis. Caution
should be noted here because this model is unlikely to be
an exclusive one, because potassium transporter Trk1p,
sodium channel ENaC, calcium channels and integrin
have been shown to be required for EF sensing in yeast,
and galvanotaxis of keratinocytes.7,8 Future studies
should reveal a shared molecular basis of these different
sensing mechanisms, and separation of sensing from sig-
naling and motor machinery in directional migration.
We expect an exciting and productive research field in
the coming years in ion channel regulation of directional
migration, which underlies many important biology and
pathology processes.
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