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Electrical signals control wound healing through
phosphatidylinositol-3-OH kinase-y and PTEN

Min Zhao', Bing Song’, Jin Pu', Teiji Wada?, Brian Reid', Guangping Tai', Fei Wang’+, Aihua Guo',
Petr Walczysko', Yu Gu', Takehiko Sasaki*, Akira Suzuki®, John V. Forrester', Henry R. Bourne®,
Peter N. Devreotes®, Colin D. McCaig' & Josef M. Penninger”

Wound healing is essential for maintaining the integrity of multi-
cellular organisms. In every species studied, disruption of an
epithelial layer instantaneously generates endogenous electric
fields, which have been proposed to be important in wound
healing'. The identity of signalling pathways that guide both
cell migration to electric cues and electric-field-induced wound
healing have not been elucidated at a genetic level. Here we show
that electric fields, of a strength equal to those detected endogen-
ously, direct cell migration during wound healing as a prime
directional cue. Manipulation of endogenous wound electric fields
affects wound healing in vivo. Electric stimulation triggers acti-
vation of Src and inositol-phospholipid signalling, which
polarizes in the direction of cell migration. Notably, genetic
disruption of phosphatidylinositol-3-OH kinase—y (PI(3)Ky)
decreases electric-field-induced signalling and abolishes directed
movements of healing epithelium in response to electric signals.
Deletion of the tumour suppressor phosphatase and tensin homo-
log (PTEN) enhances signalling and electrotactic responses. These
data identify genes essential for electrical-signal-induced wound
healing and show that PI(3)Ky and PTEN control electrotaxis.
Endogenous wound electric fields were determined first more than
150 yr ago by the German physiologist Emil Du-Bois Reymond*.
Such electric fields are generated when the epithelial layer is cut and
the lesion short-circuits the transepithelial potential difference® ™.
Using various techniques, we confirmed consistent and sustained
outward electric currents at wounds in human skin and in rodent
cornea and skin (Fig. 1a, b). A large outward current of 4 pAcm™?
was measured at the wound edges of rat cornea and human skin.
This current gradually increased to 10 pAcm™ > and persisted at
4-8pAcm” 2 The direction and magnitude of the current was
independent of wound size and the current vector (the flow of
positive charge) was directed towards the wound centre (Fig. 1a, b).
To test directly the effects of the electric signal on cell movement in
wound healing, cell migration was monitored in monolayer epithelial
cultures. In control monolayer corneal epithelium without an
applied electric field (default healing), cells moved into the wounds
in a coordinated manner'’. When an electric field was applied with a
polarity that opposed the default healing direction, the movement of
the epithelium followed the direction of the electric signal and the
wound opened up (Fig. 1¢; Supplementary Fig. 1a). Reversal of the
electrical polarity closed the wound (Fig. 1¢, 99-204 min; Supplemen-
tary Movie 1). An electric field of 12.5mV mm ™" with the cathode in
the wound resulted in a significant increase (P = 0.046) in the distance
of cell movement into the wound. Increasing the field strength

increased the speed of epithelial movement into the wound and this
migration rate reached a maximum at ~100-200 mV mm ! (Sup-
plementary Fig. 1b). This field strength is comparable to the strength of
endogenous wound electric fields (that is, 42-100 mV mm™"),
measured experimentally in animals and in humans™'". In addition,
neutrophils and dermal fibroblasts that are also crucial for wound
healing showed evident voltage- and time-dependent electrotactic
responses (Supplementary Figs 2 and 3, and Movies 2 and 3). Notably,
electrical cues also guide migration of stratified epithelium and control
healing rates in a cornea whole-organ culture model'* (Supplementary
Fig. 4 and Movie 4). Thus, electrical signals are predominant direc-
tional cues that guide and stimulate the migration of inflammatory
cells, fibroblasts and epithelial cells in wound healing.

To test the role of the endogenous electric field in wound healing,
we manipulated transepithelial ion transport in epithelial wounds of
rat cornea”'>'*. In temporal and spatial maps of endogenous electric
currents, CI~ and Na™ are the main components of electric currents
in rat corneal wounds” (Fig. 1a). Invariably, enhancing the ion flow
increased endogenous wound electric fields and wound healing.
AgNOs, which increases Cl™ efflux and Na™ influx in corneal
epithelium, significantly amplified the transcorneal potential differ-
ence (P=1.30 X 10~7) (Supplementary Fig. 5a) and endogenous
wound electric field (P = 0.042) (Supplementary Fig. 5b), resulting
in augmented corneal wound healing in vivo (Supplementary Fig. 5¢,
d). By contrast, furosemide, which inhibits Cl~ efflux, significantly
decreased the transcorneal potential difference (P = 6.72 X 10~°)
resulting in a decreased endogenous wound electric field (P = 0.01),
and impaired corneal wound healing (Supplementary Fig. 5). These
results, together with our data on electric-field-regulated directional
nerve growth and cell proliferation”'*", suggest that endogenous
transcellular potentials at wounds have an important role not only
in vitro but also in vivo. The specificities of the agents used to
manipulate endogenous electrical fields are discussed in the Sup-
plementary Information.

How are electric migration cues relayed into cellular responses? To
answer this question, we analysed whether electric fields induce
specific signalling cascades similar to those observed in chemotactic
cell migration'>*. Intriguingly, exposure of both keratinocytes and
neutrophils to electric fields in serum-free medium induced rapid
and sustained phosphorylation of extracellular-signal-regulated
kinase (ERK), p38 mitogen-activated kinase (MAPK), Src and Akt
on Ser473 (Fig. 1d). Phosphorylation of the Janus kinase JAK1
remained unchanged, indicating that electric currents activate only
defined signalling pathways. Next, we examined the distribution of
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activated Src and Akt in electrotactic cells because such intracellular
signals are polarized in chemotaxis by means of activation of PI(3)K
signalling at the leading edge, and lateral and back inhibition by
PTEN in Dictyostelium or Rho in neutrophils'>**. To test whether, as
in classical chemotaxis, electric-field-induced signalling is polarized,
we stained cells to assess the distribution of activated Src kinase. In
electrotactic keratinocytes, phosphorylated Src indeed polarized in
the migration direction (Fig. le).

We also examined the dynamics of phosphatidylinositol-3,4,5-
trisphosphate (PtdIns(3,4,5)P;) distribution in migrating HL60 cells
using the PH domain of Akt fused to green fluorescent protein
(PHAkt—GFP). Again, PtdInsP; was polarized to the leading edge of
differentiated HL60 cells migrating towards the cathode. Reversal of
electric field polarity caused a rapid redistribution of PHAkt—GFP
towards the direction of migration (Supplementary Fig. 6 and Movie
5). Cells treated with latrunculin still polarized PHAkt-GFP,
suggesting that distribution of PtdInsP; to the leading edge in
electrotaxis is independent of actin polymerization (Supplementary
Fig. 7). These data show that electrotactic cues activate defined
signalling pathways and induce polarization of PI(3)K and Src
pathways to the leading edge of migratory cells.

To exclude a possible involvement of chemotactic effects in electric-
field-directed cell migration, we used a set-up in which continual
flow of culture medium perpendicular to the electrical vector
was maintained throughout the experiment®; the directionality of
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Figure 1| Electrical signals direct cell migration in wound healing and
activate selected signalling pathways. a, Wounding induces lateral electric
fields directed towards the wound centre (red arrow), by collapsing the local
transepithelial potential difference (V). Black arrows represent sizes and
directions of currents. b, Directly measured currents increase over time in
rat corneal and human skin wounds. ¢, d, An electric field (EF) directs
migration of corneal epithelial cells in a monolayer model of wound healing
(150 mV mm " %; ¢) and activates Akt (Ser473), Src (Tyr 416), ERK and p38
in primary cultures of mouse keratinocyte and mouse peritoneal
neutrophils in serum-free medium (200 mV mm ™~ '; d). Disrupting p110y
attenuates activation of these signalling pathways. Phosphorylated JAK1
and JAK1 are shown as controls. e, Phosphorylated Src kinase polarizes in
the direction of cell migration in electrotactic mouse keratinocytes

(150 mV mm ). Scale bar, 20 pm.
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electric-field-induced cell migration was again unaffected (Sup-
plementary Fig. 8). Moreover, we used a mutant Dictyostelium strain
that lacks the Gf subunit and therefore does not have a chemotactic
reponse”*. Intriguingly, this mutant 3~ Dictyostelium strain still
showed robust electrotactic responses (Supplementary Fig. 9 and
Movie 6). Although the interplay between chemical and electrical
gradients will be extremely relevant in vivo, these results indicate that
electrical stimuli can act independently of local chemical gradients and
chemokine sensing.

To provide genetic proof that these above signalling cascades are
indeed important for electrotaxis, we examined the role of PI(3)Kv in
cells where its gene (phosphatidylinositol-3-kinase, catalytic, gamma
subunit (Pik3cg); hereafter termed pl110y) was disrupted® (Sup-
plementary Fig. 10). p110y '~ cells showed impaired activation of
Akt and partially reduced phosphorylation of Src, p38 and ERK in
response to electric fields (Fig. 1d). Notably, loss of PI(3)Ky mark-
edly abrogated electrotactic migration of epithelial cells in single-cell
migration assays and monolayer wound healing assays (Fig. 2;
Supplementary Fig. 11 and Movies 7 and 8). In addition, electrotactic
directionality was attenuated in primary cultures of neutrophils
(Supplementary Fig. 12 and Movie 9) and dermal fibroblasts (Sup-
plementary Fig. 13 and Movie 3) from p110y '~ mice, confirming
the importance of PI(3)Ky signalling in electrotactic responses. To
exclude the possibility that the electrotactic phenotypes in p110y '~
cells were secondary to developmental alterations in these mutant
mice, we blocked PI(3)K activity with wortmannin. Pharmacological
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Figure 2 | Electrotaxis requires PI(3)Ky. a—c, Impaired electrotactic
responses in nonconfluent p110y '~ keratinocytes. d-h, Attenuated electric
field (EF)-directed migration of p110y '~ keratinocytes in monolayer
wound healing assays. Wild-type (p110y ™' ") cells are shown as controls.
Electric fields that are applied with polarity opposite to the default healing
direction direct the cells to move away from the wound (f, g). Red lines and
blue arrows represent trajectories and direction of cell movement. Data
(mean * s.e.m.) were quantified from at least four independent
experiments (¢, h). *P < 0.05; **P < 0.01, Student’s #-test. Scale bars,

50 pm, EF = 200 mV mm . See also Supplementary Movies 7 (for a—c) and
8 (for d-h).
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inhibition of PI(3)K again inhibited keratinocyte migration in
response to electrical signals (Supplementary Figs 14 and 15, and
Movies 10 and 11). These data show that PI(3)Ky controls electro-
taxis and provide the first identification of a gene, pl110vy, that
controls electric-field-induced cell migration.

To verify that PI(3)Ky regulates electrotaxis through PtdInsP;
signalling, we investigated the effect of a tissue-specific deletion of
the gene phosphatase and tensin homolog (Pten) in keratinocytes®®*
(Fig. 3a). The lipid phosphatase PTEN negatively regulates the PI(3)K/
Akt pathway by downregulating the amount of PtdIns(3,4,5)P;.
Genetic disruption of Pfen markedly enhanced electric-signal-induced
ERK and Akt phosphorylation (Fig. 3b). Notably, Pten deletion
enhanced electric-field-directed keratinocyte migration (Fig. 3¢, d;
Supplementary Movie 12). Moreover, in monolayer wound healing
assays, loss of Pten enhanced electric-field-directed keratinocyte
migration both into the wound and away from the wound with
significantly higher directedness (P = 0.022 and P = 0.017 respect-
ively) and increased migration rates (P = 0.027 and P = 0.024
respectively) when compared with Pren /1% control keratinocytes
(Fig. 3e—g; Supplementary Fig. 16 and Movie 13). These results
indicate that PI(3)Ky and the tumour suppressor PTEN mediate
directional sensing of cell migration in response to electric signals.

Because our data were obtained from cell-culture experiments, we
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Figure 3 | The tumour suppressor PTEN negatively regulates
electrotaxis. a, PTEN protein expression in keratinocytes. Four different
cultures for each genotype are shown. b, Loss of PTEN expression in
keratinocytes results in enhanced electric field (EF)-induced activation of
Akt and ERK. ¢, d, Increased electrotactic migration of nonconfluent
Pten-deficient keratinocytes. e-g, Loss of PTEN increases migration of
keratinocytes in monolayer wound healing experiments in response to
electric fields directed into (e, g) or away from (f, g) the wound. Red lines
and blue arrows represent trajectories and direction of cell movement,
respectively. Data are representative of at least four independent
experiments with similar results. Quantification data are the mean * s.e.m.
(d, g). Scale bars, 50 pm, EF = 200 mV mm ', *P < 0.05, Student’s ¢-test.
See also Supplementary Movies 12 (for ¢, d) and 13 (for e-g).
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wanted to test whether this pathway is important for electrotactic
wound healing after injury of a whole organ. We therefore tested
whether PI(3)Ky signalling is important for the healing of stratified
epithelium in cornea explant wounds'’. The direction and the
magnitude of the wound electrical currents of cornea and skin
from p110y '~ mice were similar to those from wild-type mice. In
wild-type tissue, the wound edge of the corneal stratified epithelium
moved into the wound, and this movement was significantly
(P = 0.027) enhanced by an electric field applied with the cathode
directed into the wound (Fig. 4a, b). Genetic disruption of p110y
markedly impaired directed epithelial cell movement in response to
electrical signals (Fig. 4¢, d, g; Supplementary Movie 14). Application
of an electric field with the polarity opposite to the default healing
direction guided the stratified epithelial cells to migrate away
from the wound, resulting in the wound opening up (Fig. 4e).
Genetic disruption of pl10y abolished this response (Fig. 4f, g;
Supplementary Movie 14). Thus, PI(3)Ky expression is crucial for
electrotaxis-regulated wound healing of a whole tissue.
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Figure 4 | PI(3)Ky is required for electrotactic cell movement in wound
healing of stratified epithelium in ex vivo cornea cultures. a, Stratified
corneal epithelium migrate in situ to heal a wound (towards the left). b, This
wound healing response is significantly enhanced by an electric field with the
cathode at the wound. ¢, d, Impaired electric-field-mediated wound healing in
corneas isolated from p110y '~ mice. e, Electric fields applied with polarity
opposite to the default healing direction direct the wound edge to migrate away
from the wound. f, This response is impaired when p110y is disrupted. Results
were confirmed in three or more independent experiments for each
response. g, Quantification of the migration rates of the healing cornea
epithelium from 3-7 experiments for a period of 120 min at each condition.
Data are the mean *+ s.e.m. EF = 150 mV mm . Scale bars, 50 pm.

*P < 0.05, **P < 0.01, Student’s #-test. See also Supplementary Movie 14.
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Because all cell types and intracellular organelles maintain trans-
membrane electrical potentials owing to asymmetric ion transport,
wounding results in strong and directional ion flow after disruption
of epithelial cell layers">~’. To identify possible mediators that couple
electric stimuli to intracellular responses, we tested the role of ion
transporters in the electrotactic response. In particular, the Na™/H™"
exchanger 1 (NHEI1) has been implicated in directional cell
migration®. Two different types of NHE1 inhibitor, cariporide and
EIPA”, abrogated electric-field-induced Akt activation (Supplemen-
tary Fig. 17a) and decreased the directedness of cell migration in
electric fields (Supplementary Fig. 17b). These results suggest that
directional Na™/H™ transport by the NHEI ion exchanger might
relay the electric signal to PI(3)K activation with subsequent direc-
tional migration. In addition to Na™/H" exchangers, it is likely that
other ion channels such as Cl~ channels (Supplementary Fig. 5) are
also involved in electrotactic cell migration.

Although wound-induced electric currents have been known for
more than 150 yr, the role of electrical signals in wound healing has
long been discounted'™°. Moreover, such responses have not been
confirmed genetically. Using multiple model systems, we have shown
that electric currents can act as directional cues in cell movement and
wound healing. These cues activate signalling pathways similar to
those reported for chemotaxis'*?". Mechanistically, electric fields
couple to directed cell migration through PI(3)Ky and PTEN
signalling. These experiments identify the first genes that modulate
cell movements and wound healing in response to electrical currents.

METHODS

See Supplementary Information for full details.

Mutant mice, cell and tissue culture, and wound healing assays. Pten °* and
pl110y mutant mice and the 3~ mutant Dictyostelium strain have been
described®*’. Primary cultures of keratinocytes from Pren™/1* mice were
treated with adenovirus carrying GFP and Cre to delete the floxed Pten allele. In
all experiments, littermate controls were used. Wound healing in corneal explant
organ cultures and in vivo were done as described”'?. All animal experiments
were performed in accordance with institutional guidelines.

Electric fields. Endogenous wound electric currents were measured with a
vibrating probe system’. DC electric fields of indicated strengths were applied in
electrotactic chambers with modification for use in organ culture®. Directedness
was used as a parameter to define how cells migrate directionally in response to
electric fields. Directedness values approaching one indicate migration direc-
tionally in the electric fields, whereas directedness values of or close to zero
indicate random migration.

Western blot, immunofluorescene and time-lapse imaging. Primary cultures
of keratinocytes and neutrophils, and wild-type fibroblasts were starved in
serum-free medium before electric field stimulation. Cells were lysed and
samples were probed with appropriate antibodies. For immunofluorescence
microscopy, keratinocytes were exposed to electric fields, fixed, permeabilized
for antibody labelling, and mounted in medium containing 4',6-diamidino-2-
phenylindole dihydrochloride (DAPI). Dimethyl-sulphoxide-differentiated
HL60 cells expressing PHAkt—GFP'"® were exposed to an electric field. All
time-lapse video images were recorded and analysed with a MetaMorph system.
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