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Abstract

Repair to damaged tissue requires directional cell migration to heal the wound. Immediately
upon wounding an electrical guidance cue is created with the cathode of the electric field
(EF) located at the center of the wound. Previous research has demonstrated directional
migration of keratinocytes towards the cathode when an EF of physiological strength (100-
150mV/mm) is applied in vitro, but the “sensor” by which keratinocytes sense the EF
remains elusive.

Here we use a customised chamber design to facilitate the application of a direct current
(DC) EF of physiological strength (100 mV/mm) to keratinocytes whilst pharmacologically
modulating the activation of both connexin hemichannels and purinergic receptors to
determine their role in EF-mediated directional keratinocyte migration, galvanotaxis. In
addition, keratinocytes were exposed to DiISBAC,(3) dye to visualize membrane potential
changes within the cell upon exposure to the applied DC EF.

Here we unveil ATP-medicated mechanisms that underpin the initiation of keratinocyte
galvanotaxis. The application of a DC EF of 100 mV/mm releases ATP via hemichannels
activating a subset of purinergic P,Y receptors, locally, to initiate the directional migration of
keratinocytes towards the cathode in vitro, the center of the wound in vivo. The delineation of
the mechanisms underpinning galvanotaxis extends our understanding of this endogenous
cue and will facilitate the optimization and wider use of EF devices for chronic wound

treatment.
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Introduction

Repair to damaged tissue requires directional cell migration to heal the wound and it is
essential to repair the epidermis quickly to reduce the risk of infection and restore epidermal
barrier function. Wound-edge keratinocytes adopt a migratory morphology within an hour of
injury, but the earliest signals responsible for initiating their migration into the wound, to
commence re-epithelialisation, are unknown. Upon wounding, an electrical wound guidance
cue is generated immediately, with the cathode of the electric field (EF) located at the centre
of the wound. This physiological, electrical signal can be measured in acute skin wounds
and is generally between 100-150mV/mm, but is reduced by 50% in elderly patients
(Nuccitelli et al., 2011).

The role of direct current (DC) electric fields (EFs), both endogenous and externally applied,
in biological systems such as development, tissue regeneration and cancer has attracted
considerable attention in recent years (Pullar, 2011b). In the field of tissue regeneration, the
complex orchestration of a number of physiological process, including keratinocyte migration
and re-epithelialization, is required to repair a wound quickly, with little regard to the quality
of the repaired skin (Shaw and Martin, 2009). Unfortunately, a plethora of factors can
interrupt the healing process including chronic disease, vascular insufficiency, diabetes,
nutritional deficiencies, infection, sustained inflammation, advanced age, mechanical
pressure and neuropathies, to name a few (Fonder et al., 2008). A chronic wound is defined
as a break in the skin for a long duration (> 6 weeks). They are extremely prevalent in the
elderly and are both painful and debilitating for the patient and very costly. Global wound
care expenditures are around 13 to 15 billion annually (Walmsley, 2002). Efforts to develop
new therapies to heal chronic wounds are hampered by the lack of knowledge of both the
mechanisms that drive wound healing and those responsible for the chronicity of the wounds
(Stojadinovic et al., 2005). However, impaired healing coincides with alterations in
keratinocyte function at the edges of chronic wounds (Stojadinovic et al., 2005; Stojadinovic

et al., 2008).
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Since the mid-1960’s considerable research has been directed at evaluating the effects of
exogenous electrical currents on the healing of chronic wounds that are frequently
unresponsive to standard treatment (McCulloch, 2010). The exogenous EF is thought to
supplement the endogenous electric field, generated immediately upon wounding. The
endogenous EF is created due to the collapse of the trans epidermal potential (TEP)
(Nuccitelli, 2003). In unwounded skin, the asymmetric distribution of ion channels in each
keratinocyte layer of the multilayered epithelium generates a trans epithelial ion flow and,
therefore, a voltage difference across the epidermis that is referred to as the trans epidermal
potential (TEP) (Nuccitelli, 2003). A wound collapses the TEP creating a low resistance
pathway for ions to flow through, returning back under the stratum corneum, to generate a
lateral EF around the wound site, with the wound becoming the cathode of the endogenous
EF (Nuccitelli, 2003). The existence of wound-induced DC EFs has been demonstrated
experimentally in bovine cornea, human skin and other multi-layered epithelia (McCaig et al.,
2005). Recently, the Bioelectric Field Imager has been used to map EFs of 100-150mV/M

near linear full thickness wounds in mammalian skin (Nuccitelli et al., 2008).

Electrical stimulation (ES) has been shown in numerous clinical studies to enhance chronic
wound healing (Kloth, 2005) and is now a mainstream healthcare option for persistent, non-
closing wounds in the US, and has the highest level of evidence for healing chronic wounds
in Europe, as described in the 2009 EPUAP guidelines (guidelines can be downloaded from
(www://www.npuap.org)).This has fueled interest in the cellular mechanisms underpinning
galvanotaxis.

Over the past fifteen years a number of membrane receptors: EGFR (Fang et al., 1999);
a6p4 integrins (Pullar et al., 2006); B1 integrins (Huang et al., 2009); ion channels: the
epithelial sodium channel (ENaC) (Yang et al., 2013); ions: Ca®" (Huang et al., 2009;
Trollinger et al., 2002); torque on charged membrane proteins as suggested in the
electromechanical transduction model (Hart et al., 2013) and cytoplasmic signaling proteins:

PKA (Pullar et al.,, 2001); cAMP (Pullar and Isseroff, 2005); extracellular-signal-regulated
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kinase (ERK); p38 mitogen-activated kinase (MAPK); Src; Akt; phosphatidylinositol 3 kinase
(PI3K); (Zhao et al., 2006) have been demonstrated to form part of the downstream signaling
mechanisms underpinning the keratinocyte electrical compass. However, the “sensor’ by
which cells initially detect the presence of an applied EF remains elusive (Nuccitelli, 2003;
McCaig et al. 2005; Pullar, 2009). Here we investigate the role of ATP release and purinergic
receptor activation in the ability of keratinocytes to sense and respond to an applied EF of

physiological strength (100 mV/mm) in vitro with directional migration.
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Materials and Methods

Materials

Suramin, apyrase, ATP, UDP, ADP, probenecid, and carbenoxolone disodium were
purchased from Sigma-Aldrich (Poole, UK). NF157, MRS2578, MRS2179 and MRS2211
were purchased from Tocris Bioscience (Bristol, UK). Epilife and human keratinocyte growth

medium (HKGS) were purchased from Cascade Biologics (Invitrogen, Paisley, UK).

Primary cell culture

Two primary human keratinocyte strains (Invitrogen), derived from neonatal foreskin
epidermis, were used to generate each data set. Keratinocytes were used between
passages 3 and 6. Stock cultures were maintained in an exponential growth phase, as
monolayers, in plastic cell culture dishes, using Keratinocyte Growth Medium (KKGS) which
consists of: Keratinocyte Basal Medium; growth supplement mix; 60 yM Calcium Chloride;
0.5% antibiotic solution (25U/ml Penicilline-25ug/ml Streptomycin, Invitrogen). The cultures
were incubated at 37°C in a humidified atmosphere of 5% CO,. All treatments were tested
for effects on cell viability with a trypan blue exclusion test after 4 hours of culture and no

effects on cell viability were observed.

Experimental conditions

Keratinocytes were routinely plated as single cells onto collagen I-coated glass (30ug/ml,
Invitrogen), in custom chambers (Pullar, 2009) for 2-6 hours prior to their placement within a
heated stage (37°C) upon an inverted microscope, in the presence or absence of the agent
of choice and an applied EF of physiological strength (100 mV/mm), as described below
(Pullar et al., 2006; Pullar and Isseroff, 2005; Pullar et al., 2001). All treatments were added
at time 0, at the start of each experiment.

Galvanotaxis chambers consisted of custom made plexiglass frames to which a 45x50mm
cover glass slip was attached using silicone gel (Marine grade silicone sealant, 3M), to form

the bottom of the chamber. Two cover slip spacers (25x10mm) where attached to the
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45x50mm cover slip to produce a channel connecting the two media reservoirs on either
side of the main viewing window of the chamber. Chambers where left to dry and then
soaked in water overnight to dialyze the methanol from the silicone.

After cleaning the chambers with PBS, collagen 1 was added to the central channel at a
concentration of 30ug/ml and left in a humidified environment for 30 minutes before the
central channel was washed twice with PBS and keratinocytes were plated onto the collagen
coated channel and left for 2-3 hours to adhere. Before each experiment, a third cover slip
was placed over the 2 cover slip spacers to create a closed environment of 100-105um high
over the cells, and was sealed using high vacuum grease (Dow Corning, Midland MI). The
aqueducts within the media reservoirs either side then allowed media to flow freely across

the chamber through the closed channel produced (Hart et al., 2013).

The electric current was applied via silver/silver chloride, coil electrodes. Agar-filled, plastic
tubes served as bridges to connect the electrodes to the cell chamber. These bridges
provided a long, viscous path that restricted the flow of small molecules from the electrodes
into the cell chamber. Fresh agar bridges were used for each experiment. The chamber
rested in a custom heated stage, which maintained the temperature of the cells at 37°C. The
cells were viewed through an inverted microscope objective (Pullar, 2009).

Prior to the start of each experiment, thin electrodes were briefly placed at the ends
of the aqueducts while the output of the function generator was adjusted to produce the
desired signal to the cells.

Images of the cells were recorded at time 0 and then every 10 minutes for one hour using an
automation in Openlab software from Improvision (PerkinElmer, Coventry, UK). Cells were
manually tracked and the software was used initially to calculate the true speed (um/min) for
each cell over the 60-minute period and directionality (cosine of the angle of migration (6))
for each cell over the last 10 minutes. Values were exported to Excel to calculate the
average speed and cosine values for each condition. True speed indicates the average

actual distance that each cell traveled per minute over the one-hour period, rather than the
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straight-line distance between the starting point and end point for each cell (net distance).
The cosine (0) describes the direction of migration and is a measure of the persistence of
directionality, where 0 is the angle between the field axis and the cells’ path of migration
during the last ten minutes of the experiment i.e. the angle between the penultimate and final
cell position. The field axis is established with an angle of 0° assigned to the cathode and an
angle of 180° assigned to the anode. A cell moving directly towards the cathode will be
moving with an angle of 0° and with therefore have a directionality of 1 (cosine (0°) = 1). A
cell moving directly towards the anode will be moving with an angle of 180° and with
therefore have a directionality of -1 (cosine (180°) = -1). A population of cells migrating
randomly will have an average cosine (0) = 0.

The response of 60-200 cells was averaged for each condition and a one-way ANOVA
followed by the Dunnett’'s post-test was performed to determine significance; **P<0.001;

*P<0.05.

Visualization of changes in membrane potential

Keratinocytes were plated into collagen-coated galvanotaxis chambers, as described above,
prior to incubation for 90 minutes with 0.1ug/ml of DISBAC,(3) dye (Dawson et al., 2006)
(Molecular Probes, Invitrogen) in KGM. Cells where imaged at time 0 and then every minute
for 25 minutes using an automation in Volocity software by Improvision (PerkinElmer,
Coventry, UK), with shutter speed minimized to reduce photo bleaching. The excitation
wavelength was 405nm and the emission wavelength was 580nm using the appropriate
bandpass filters. An electric field of 100mV/mm was applied from 5 to 15 minutes. To
analyze the data, regions of interest were drawn around the cells in the field of view and raw
fluorescence intensity was measured within the specific regions of interest at each time point
to give a relative index of membrane polarization state. An increase in fluorescence intensity

indicates a relative depolarization, while a decrease indicates a relative hyperpolarization.
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Results

Keratinocytes sense an EF and migrate towards the cathode of an applied electric
field of 100mV/mm.

Human neonatal keratinocytes migrated randomly in the absence of an applied electric field
(EF) of 100mV/mm (Figure 1A) with an average migration rate of 1.185 + 0.056 um/minute
(Figure 1C) and an average cosine of zero (cosine = -0.038 + 0.09) (Figure 1D). Migration
was random throughout the experiment with the cosine remaining zero (Figure 1E).

In contrast, in the presence of an applied EF of 100mV/mm, keratinocytes sensed and
migrated directionally towards the cathode of the applied EF (Figure 1B). While the
application of the EF had no effect on the speed of migration (1.056 + 0.06 pum/minute)
(Figure 1C), there was a significant increase in the directionality of migration with an average
cosine of 0.719 + 0.06 (Figure 1D). A more detailed investigation of cell directionality
throughout the one-hour experiments demonstrated that keratinocytes sensed the applied
EF within the first ten minutes (cosine = 0.45 t+ 0.05). The directionality of migration
gradually increased during the experiment (Figure 1F). Adult keratinocytes migrate 50%
slower (speed 0.5 + 0.07 pm/minute), but with a similar average cosine of 0.65 + 0.06

(results not shown).

Apyrase decreases keratinocyte galvanotaxis.

Keratinocytes release ATP upon media change and mild mechanical stimulation (Dixon et
al., 1999) and interconvert nucleotides at the cell surface, resulting in additional ATP
generation (Burrell et al., 2005). In order to determine if ATP release from keratinocytes
played a role in their ability to sense an applied EF and migrate directionally, apyrase
(3.2U/ml), an enzyme that catalyses the hydrolysis of ATP (Zimmermann, 2000), was

applied to the keratinocytes at the same time as the EF. In the presence of apyrase, while
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there was no change in migration rate (Figure 2A), the directionality of migration decreased
by 51% to 0.35 + 0.07 (Figure 2B).

To investigate the role of keratinocyte ATP release in galvanotaxis further, ATP (50uM) was
added to the media at the start of the experiment, to swamp endogenous release and to
mask any polarized ATP release from the cells. In the absence of applied ATP, the speed of
migration gradually increased during each experiment in either the presence (Figure 2C) or
the absence of an applied EF (results not shown). In the applied EF, there was no effect on
keratinocyte speed within the first 10 minutes of ATP application. However, from 20 minutes
through to 60 minutes, speed was reduced by 10-23% (Figure 2C) and by 22% overall
(Figure 2D). In contrast, exogenous ATP addition had a significant effect on the directionality
of keratinocyte migration within the first 10 minutes of the experiment. Indeed, the cells were
completely unable to sense and respond to the applied EF and migrated randomly, in this
initial time frame (cosine = -0.05 = 0.04) (Figure 2E). ATP is rapidly hydrolyzed
(Zimmermann, 2000), therefore, it is not surprising that the inhibitory effect of exogenous
ATP on keratinocyte galvanotaxis gradually reduced over time. The directionality of
keratinocyte migration decreased by 66% after 20 minutes, 59% after 30 minutes, 30% after

40 minutes, 21% after 50 minutes and 25% after 60 minutes (Figure 2E).

Application of hemichannel blockers reduces the ability of keratinocytes to sense and
respond to an EF.

While keratinocytes readily release ATP, as described above, the mechanism for this
release is unknown (Burrell et al., 2005). Nucleotides can be released through hemichannels
(Evans et al., 2006), formed from connexin (Cx) (Dbouk et al., 2009) or pannexin (Px)
subunits (Barbe et al., 2006; Schenk et al., 2008), that can be opened via a variety of
mechanisms including lowering extracellular calcium concentrations, mechanical stress and
membrane depolarization (Evans et al., 2006). The expression of a number of Connexins

(Cx) (Cx26, Cx30, Cx30.3, Cx31, Cx32, Cx43 and Cx45) (Di et al., 2001) and pannexins (Px)

10
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(Px1 (Celetti et al., 2010) and Px3 (Bruzzone et al., 2003)) has been confirmed in human
skin.

To explore the role of Cx and Px in keratinocyte galvanotaxis, experiments were performed
in the presence of carbenoxolone disodium (Cbx, 100uM), which blocks both Cx and Px
hemichannels (Ma et al., 2009; Sagar and Larson, 2006). Cbx increased the speed of
migration by 54% to 1.624 + 0.07 um/minute (Figure 3A). In contrast, directional migration
was abolished and the cells migrated randomly with a cosine of zero (0.099+ 0.13), (Figure
3B).

To specifically examine the role of Px in keratinocyte galvanotaxis, a lower concentration of
Cbx (1uM) was used, as Px are 5-20 fold more sensitive to inhibition by Cbx than Cx (Ma et
al., 2009). While the keratinocyte migration rate increased by 28% (Figure 3A), directionality
was decreased by 39% (Figure 3B). To further explore the role of Px in keratinocyte
galvanotaxis, a second Px inhibitor, probenecid (10uM) (Silverman et al., 2008), was used.
Probenecid also increased keratinocyte speed by 28% (Figure 3A), while directionality was
decreased by 61% (Figure 3B).

The hemichannel mediated ATP release could occur in an asymmetrical fashion after
application of an applied EF, establishing asymmetric intracellular signaling, facilitating the
cell turning or repositioning required for keratinocyte directional migration towards the
cathode. Hemichannels can be opened via a variety of mechanisms including membrane
depolarization (Evans et al., 2006). The application of an EF will induce an asymmetric effect
on membrane polarization, hyperpolarizing the membrane facing the anode and depolarizing
the cathodal-facing membrane. Indeed, when an EF of 100 mV/mm is applied to a cell with a
20 uM radius it will hyperpolarize the membrane facing the anode by 2.5 mV and will
depolarize the membrane facing the cathode by the same amount (Patel and Poo, 1982;
Poo, 1981).

To visualize the EF-mediated alterations in membrane potential, we loaded keratinocytes
with the membrane potential dye, DiISBAC,(3). This potential-sensitive probe can enter

depolarized cells where it binds to intracellular proteins or membrane and exhibits enhanced

11
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fluorescence and a red spectral shift. Increased membrane depolarization results in an
additional influx of the anionic dye and an increase in fluorescence. Conversely,
hyperpolarization is indicated by a decrease in fluorescence.

A decrease in mean fluorescence was detected within one minute of applying a 100mV/mm
EF, indicating membrane hyperpolarization (Figure 3C). The drop in fluorescence continued
until the EF was removed, after which mean fluorescence intensity gradually increased to
return to levels observed prior to EF application (Figures 3C, D). Photo-bleaching was
detected when experiments extended beyond 25 minutes (results not shown). Unfortunately,
more detailed membrane potential changes at the cathode and anode-facing poles of the
cell could not be determined, as magnification could not be enhanced to the required level to

visualize these changes.

Application of the non-specific purinergic receptor antagonist, Suramin blocks the
ability of cells to sense and respond to an applied electric field.

ATP can activate purinergic P, receptors to initiate intracellular signaling cascades. There
are two families of P, receptors, ionotropic P,X nucleotide-gated ion channels and
metabotropic P,Y G protein coupled receptors (Burnstock, 2006). There are seven P,X
receptor subtypes (P.X1.7) (Roberts et al., 2006) and human keratinocytes express P,X; P,X
3, PoX5 and P,X; (Denda et al., 2002; Inoue et al., 2007). There are eight human subtypes of
the P,Y family (Dunn and Blakeley, 1988) and human keratinocytes express P,Y | P,Y,
P.Y 4 PoYs PoY41 PoY4; and P,Yq3 (Inoue et al., 2005; Inoue et al.,, 2007; Tsukimoto M,
2010), with the P,Y; receptor being functional (Burrell et al., 2003; Taboubi et al., 2007) and
located in the basal layer of the epidermis in adult skin (Greig et al., 2003).

To determine the role of purinergic receptors in keratinocyte galvanotaxis, experiments were
performed in the presence of the non-specific purinergic receptor antagonist suramin (Dunn
and Blakeley, 1988). Migration speed was increased by 49% and 36% at 1 pM and 1 nM
suramin, respectively (Figure 4A), while at 1 yM and 10 uM suramin, there was no effect on

migration rate (Figure 4A). In contrast, there was no effect on directional migration in the

12



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

presence of 1pM suramin, however, at 1nM, 1uM and 10uM suramin, directionality was
decreased by 61%, 60% and 87%, respectively. Indeed in the presence of 10uM suramin,

cell migration was random (cosine of 0.09 £ 0.09; Figure 4B).

Application of specific P,Y purinergic receptor modulators altered keratinocyte
galvanotaxis.

Previous research has indicated roles for calcium (Huang et al., 2009; Trollinger et al.,
2002), cAMP (Pullar and Isseroff, 2005), PKA (Pullar et al., 2001), Src, Akt, PI3K and ERK
(Zhao et al., 2006) signaling in keratinocyte galvanotaxis. All of these downstream signaling
pathways can all be activated by P,Y receptors, members of the metabotropic G-protein
coupled receptor family.

In order to determine if P,Y receptors play a role in galvanotaxis, the nucleotide ADP was
added to keratinocytes in the presence of an EF. ADP acts as a strong agonist for P,Y4,
P.Y 2, and P,Y; (Abbracchio et al., 2006) and a weaker agonist for P,Yg and P,Y 4 (Ralevic.
V, 1998), all of which have been shown to be expressed in human keratinocytes (Inoue et
al., 2005; Inoue et al., 2007; Tsukimoto M, 2010). ADP (100uM) decreased migration rate by
35% (Figure 5A) and directionality of migration by 79% after 30 minutes (results not shown)
and by 56% after 60 minutes (Figure 5B). As ADP is a weak agonist for P,Ys and P.Y4;
(Ralevic. V, 1998), galvanotaxis was performed in the presence of 10uM and 1uM in an
attempt to tease out the roles of these receptors. At a concentration of 10uM, ADP
decreased the rate of migration by 18% (Figure 5A) and directionality of migration by 58%
(Figure 5B). At 1uM, ADP had no effect on migration rate (Figure 5A) but decreased
directional migration by 18% (Figure 5B).

In order to determine specific roles for P,Y receptors targeted by ADP, experiments were
performed in the presence of a number of selective antagonists, specifically for P,Y;
(MRS2179 (500nM) (Boyer et al., 1998)); P,Y, (ticlopidine hydrochloride (10uM) (Savi and
Herbert, 2005)); and P,Y;; (MRS2211 (1uM) (Kim et al., 2005)). The P,Y, selective

antagonist MRS2179 had no effect on directionality of migration (Figure 5D) or the migration

13
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rate of keratinocytes (Figure 5C). In contrast, the two other antagonists altered both
directionality and speed of migration. The P,Y;, antagonist, ticlopidine hydrochloride,
increased speed of migration by 78% (Figure 5C), whilst decreasing directionality by 26%
(Figure 5D). The P,Y,; specific antagonist MRS2211, showed similar results, producing a
38% increase in migration rate (Figure 5C) with a 32% decrease in directionality of migration
(Figure 5D).

To specifically look at the role of P,Ys and P,Y44 specific agonists and antagonists were
used. UDP (100uM), a specific agonist for P,Yg (Abbracchio et al., 2006), had no effect on
migration rate (Figure 5E) while decreasing the cosine of migration by 65% to 0.25 + 0.08
(Figure 5F). To explore the role of P,Y;s in keratinocyte galvanotaxis further, experiments
were conducted in the presence of the specific P,Ye antagonist MRS2578. Speed of
keratinocyte migration was reduced by 47% (Figure 5E), while directionality of migration was
completely abolished (Figure 5F). Similar effects were seen with NF157, a potent P.,Y4;
antagonist, which decreased migration rate by 66% (Figure 5G), and reduced the

directionality of migration by 80% (Figure 5H).

14
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Discussion

Summary

Keratinocytes sense and migrate directionally towards the cathode in an applied direct
current (DC) electric field (EF) of 100mV/mm. Although many downstream signaling
effectors such as: Ca2+ (Huang et al., 2009; Trollinger et al., 2002); PKA (Pullar et al.,
2001); cAMP (Pullar and Isseroff, 2005); Src; Akt; phosphatidylinositol 3 kinase (PI3K) and
Extracellular-signal-regulated kinase (ERK) (Zhao et al., 2006) and receptors/ion channels
such as: B4 integrin; EGFR (Pullar et al., 2006) and ENaC (Yang et al., 2013) have been
demonstrated to play a role in electrical sensing, the initial “sensor” by which keratinocytes
are able to sense and then respond to an applied EF remains elusive. Here, we demonstrate
that ATP release, connexin/pannexin hemichannels and a sub set of P,Y receptors are
essential for galvanotaxis. The use of DiISBAC,(3) dye, demonstrates that the application of
a DC EF alters membrane potential which can be seen within one minute of application.
Novel roles for Gag,4 coupled P,Ys, duel Gaqgy4/ Gas coupled P,Y;, and Gai coupled P,Y,
and P,Y; in keratinocyte migration and galvanotaxis are revealed. In contrast, Gag-coupled

P,Y is not required for keratinocyte EF sensing or motility.

The importance of ATP release in wound healing and directional migration, a possible
damage signal.

ATP acts as an early signal to trigger wound healing responses upon epithelial injury of a
human corneal epithelial cell monolayer, including an increase in HB-EGF shedding,
subsequent EGFR transactivation and its downstream signaling promoting wound healing
(Yin et al., 2007). Indeed, stressful conditions, such as membrane disruption by cholesterol
depletion, induce ATP release, which subsequently activates ERK signaling pathways to
promote HB-EGF synthesis and secretion from keratinocytes (Giltaire et al., 2011).

In addition, the mechanosensitive release of ATP from hemichannels accelerates wound

closure in scratch-wounded keratinocytes. The diffusion of released ATP causes intracellular
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Ca2+ waves that are propagated towards rear cells in the cell sheet in a P,Y-dependent
manner (Takada et al., 2014). As keratinocytes migrate collectively as a sheet/tongue during
wound healing (Eming et al., 2014) it is likely that similar processes occur in vivo. Indeed,
ATP release from tail fin wounds drives basal epithelial cell motility in zebrafish tail fin
wounds (Gault et al., 2014).

Research described herein supports a role for ATP release, hemichannels and downstream
purinergic receptor signaling in the initial sensing of the applied EF and subsequent
keratinocyte galvanotaxis. Indeed, a role for ATP in chemotaxis, directional migration in a
chemical gradient, has been described. ATP is released from the leading edge of the
neutrophil, amplifying chemotactic signals, orienting the cell via P,Y; receptors and through
its hydrolysis to adenosine via the ecto-nucleoside CD39 (Corriden et al., 2008), promoting
cell migration via A3 adenosine receptors (Chen et al., 2006).

The importance of ATP in keratinocyte galvanotaxis is underpinned by the loss of
directionality in the presence of Apyrase, which breaks down ATP, resulting in random
migration within an applied EF (Figure 2). Similar results were observed upon the application
of extracellular ATP, masking ATP release from the keratinocytes and suggesting that EF-
mediated ATP release could be asymmetric and polarised. Our current hypothesis is that, as
in neutrophil chemotaxis (Corriden et al., 2008), ATP is released from hemichannels at one
edge of the cell and acts in a localized manner on a P,Y receptor subset to allow the cell to

sense the applied EF and migrate towards the cathode.

How does the EF lead to ATP release and through what mechanism is ATP released
from the cell?

The mechanism through which ATP is released from keratinocytes is currently unknown,
however ATP is released from cardiac fibroblasts through connexin/pannexin hemichannels,
which activates P,Y, receptors increasing ERK phosphorylation, alpha smooth muscle a

actin expression and collagen accumulation (Lu et al., 2012).
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EF-Directed keratinocyte migration was both Cbx and Probenecid sensitive, suggesting that
hemichannels consisting of both connexin and pannexin subunits are the likely route through
which ATP is released in keratinocyte galvanotaxis (Figure 3A, B).

The question remains as to what triggers hemichannel opening, allowing subsequent ATP
release. As applied EFs alter membrane potential, depolarizing the membrane facing the
cathode (Patel and Poo, 1982; Poo, 1981) and as hemichannels can open upon membrane
depolarization (Evans et al., 2006), we hypothesize that depolarization occurs at the
cathodal-facing keratinocyte plasma membrane, upon EF application, opening hemichannels
and releasing ATP. Recently changes in membrane polarization have been shown to play a
role in Dictyostelium galvanotaxis (Gao et al., 2011).

The visualization of membrane potential changes, in keratinocytes exposed to an applied
EF, was through the use of DiISBAC, dye. The results suggest that hyperpolarization occurs
within the first minute of EF exposure, represented by a decrease in fluorescence (Figure
3C, D). Attempts to visualize localized membrane potential changes at the cathodal facing
side of the cell failed due to limitations in magnification. Earlier attempts to visualize EF-
mediated alterations in membrane potential have demonstrated that, in an large EF of 53
V/cm, cancer cells appeared hyperpolarized facing the anode and depolarized facing the
cathode (Gross et al., 1986). This is in contrast however to recent evidence in primary rat
osteoblasts (calvaria; migrate cathodally) and human osteosarcoma cells (SaOS-2; migrate
anodally) which were exposed to hyper-physiological EFs of 5 V/cm and surprisingly, the
membrane facing the direction of migration appeared hyperpolarized (Ozkucur et al., 2009)
rather than depolarized. The exact localized changes in membrane potential and, therefore,
polarization state, at each pole of the cell, upon keratinocyte exposure to an applied EF, are
currently unknown.

It is interesting to note, however, that a number of ions, ion channels and charge
involvement have already been described as playing a role in keratinocyte EF sensing: the
epithelial sodium channel (ENaC) (Yang et al., 2013); ions: Ca?* (Huang et al., 2009;

Trollinger et al., 2002) and torque on charged membrane proteins, as suggested in the
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electromechanical transduction model (Hart et al., 2013). Naturally, any change in
membrane potential requires ion movement, generally potassium ion efflux at one pole to
generate a hyperpolarized membrane potential with an equal level of depolarization at the
opposite pole. The theory described herein fits perfectly with previously published work
demonstrating the involvement of potassium ion channels in keratinocyte galvanotaxis. A
50% decrease in EF-mediated directionality was observed in the presence of potassium
channel blockers 4-AP (500uM) and TEA (500uM) with no effect on the speed of

keratinocyte migration (Pullar, 2011a).

How does ATP activate intracellular signaling cascades to initiate directional
migration? A role for Purinergic receptors.

ATP plays an important role in neutrophil chemotaxis via the metabotropic purinergic P,Y,
receptor (Chen et al., 2006), and microglial chemotaxis via P,Y4, (Honda et al., 2001; Irino et
al., 2008; Ohsawa et al., 2007) and P,X, (Ohsawa et al., 2007) a ligand gated ion channel.
Here we show the non-specific purinergic receptor antagonist suramin, targeting both P,Y
and P.X receptors, completely blocked the cells ability to sense and respond to the applied
EF (Figure 4), strongly suggesting a role for purinergic receptors and their downstream
signaling cascades in keratinocyte galvanotaxis.

The ATP-mediated activation of purinergic receptors can directly activate the majority of the
downstream signaling proteins currently identified as playing a role in galvanotaxis including
increases in intracellular Ca?*(Huang et al., 2009; Trollinger et al., 2002) and activation of a
number of cytoplasmic signaling proteins including: PKA (Pullar et al., 2001); cAMP (Pullar
and Isseroff, 2005); Src; Akt; phosphatidylinositol 3 kinase-y (PI13Ky) and Extracellular-signal-
regulated kinase (ERK) (Zhao et al., 2006). The Gaqs-coupled P,YR (P2Y4, P.oY,, PoYy,
P.Ys,) activate PLC, cleaving PIP, and leading to IP3-mediated calcium release; the Gai-
coupled purinergic receptors (P2Y+,, P2Y43) couple to PI3Ky, Akt, CAMP and src, and the duel

Gas/ Gaqqq coupled P.Y4q, activates either cAMP and PKA, or IP3-medicated calcium
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release (Burnstock, 2006). It is, therefore, not surprising that keratinocyte galvanotaxis was
compromised by either agonists or antagonists of P,Ys, P,Y14, P2Y4, and P,Y,3 (Figure 5).
However, a specific antagonist of P,Y{, MRS2179, had not effect on keratinocyte migration
or directional migration (Figure 5C, D).

Experiments with ADP demonstrate that a subset of receptors: Gaqs coupled P.,Ye; duel
Gaqq1/ Gas coupled P,Yq; and Gai coupled P.Y,, and P,Yy3 could play a role in both
keratinocyte motility and galvanotaxis, while Gag-coupled P,Y; was not required for
keratinocyte EF sensing or motility. Experiments performed with the P,Y;, antagonist
ticlopidine hydrochloride and MRS2211, a P,Yq; antagonist, revealed a similar effect on
keratinocyte motility and galvanotaxis, an increase in motility and a decrease in
galvanotaxis. In order to respond to a directional cue, cells must halt or slow migration to
physically turn or re-arrange their intracellular compass signaling machinery to begin to
migrate directionally. It makes sense, therefore, that if you block a receptor that plays a role
in directional sensing that you would see a decrease in directional migration but also an
increase in migration speed as seen for both P,Y, and P,Y ;. It is highly likely, therefore that
Gai coupled P.Ys, and P,Y4; are directly involved in keratinocyte galvanotaxis. This is
supported by previously published work, which demonstrates that directional migration is a
cAMP dependent process, whilst keratinocyte migration is a cAMP independent process
(Pullar and Isseroff, 2005). Activation of Gai lowers cAMP generation from adenylyl cyclase,
therefore the polarized ATP-mediated activation of P,Y;, and P,Yq; lowering cAMP in a
spatially restricted manner, facilitates keratinocyte galvanotaxis.

In contrast, antagonists to the Gaqq4 coupled P,Y¢ and the duel Gaqq+/ Gas coupled P,Y4
reduces both migration speed and directional migration, suggesting an involvement in both
physiological processes. There is a vast amount of evidence to support the role of calcium in
keratinocyte galvanotaxis and both P,Ys and P,Y,4 couple to Gaqs which acts to increase
intracellular calcium, however previous research provides a role for extracellular calcium,

rather than intracellular store release (Huang et al., 2009) acting on the cells through an ion
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channel mediated influx (Trollinger et al., 2002). It is possible that calcium influx occurs
through the opening of L-type calcium channels upon application of an EF. Indeed,
increases in intracellular calcium were mediated, in part, by these channels upon application
of 200mV/mm EF’s to keratinocytes (Dube.J, 2011). Both Gaq44 coupled P,Ygsand P,Y 4 can
induce the IPs;—mediated release of calcium from intracellular calcium stores. In fish
keratinocytes, extracellular calcium influx occurs upon EF application along with intracellular
calcium release which acts to set up a continuous calcium wave within the cell (Brust-
Mascher and Webb, 1998). Therefore, ATP activation of P,Ys and P,Y4, could generate this
continuous calcium wave to maintain sensing of the EF and allow directional migration
towards the cathode. In addition, purinergic receptors, are also known to play a role in
epithelial cell motility (Klepeis et al., 2004; Taboubi et al., 2007) and migration in other cell
types (Bagchi et al., 2005; Shen and DiCorleto, 2008), while an ATP-mediated, intracellular
store-dependent, increase in intracellular calcium played a role in HaCaT migration and
proliferation (Lee et al., 2001).

In conclusion, an applied EF opens connexin/pannexin hemichannels releasing ATP in a
polarized manner. ATP activates a subset of metabotropic P.Y receptors locally, initiating
signaling cascades known to play a role in keratinocyte galvanotaxis: calcium, cAMP and

PI3Ky (Figure 6).
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Figure Legends

Figure 1: Cell migration was plotted using a circle graph with cell position at time O at the
center of the graph (0,0). The location of the cell at the final time point at 60 minutes was
plotted as a single dot in relation to directionality and distance of migration. The top of the
graph represents the cathode (0) and the bottom represents the anode (180). The final
position of each cell is shown in the absence (A) and presence of an applied EF of
100mV/mm? (B). The average speed of migration (C) and directionality of migration after 60
minutes are plotted in the absence and presence of an applied EF of 100mV/mm? (D) and
directionality over time is presented for keratinocytes in the absence (E) and presence of an

applied EF of 100mV/mm? (F). (Non field control n = 64; field control n = 70)** P < 0.01.

Figure 2: Cells were exposed to various treatments in the presence of an applied EF. The
effect of apyrase, an enzyme that breaks down ATP, on speed of migration (A) and
directionality of migration (B) is shown. A cosine of 1 represents directional migration
towards the cathode, whilst a cosine of -1 represents directional migration towards the
anode. A cosine of 0 represents random migration. The effect of ATP application to
keratinocytes in an applied EF of 100mV/mm? at 60 minutes is shown (D), with a further
breakdown of speed of migration at each 10-minute time point (C). The effect of ATP
application on directionality is presented using cosine values at ten-minute intervals (E).

(Apyrase n= 83; ATP n=67). ** P < 0.01; *P < 0.05.

Figure 3: Pannexin/connexin hemichannel blocker carbenoxolone disodium was applied to
keratinocytes in the presence of an applied EF of 100mV/mm at 100uM where connexin and
pannexin channels are targeted, and at the lower concentration of 1uM where only pannexin
channels are targeted. Probenecid, a pannexin specific hemichannel blocker was also

applied to further demonstrate the role of pannexin hemichannels in keratinocyte
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galvanotaxis. The effect of these drugs on speed of migration (A) and directionality of
migration (B) is seen. Mean fluorescence intensity was measured in cells exposed to
DiSBAC,(3) dye in the presence and absence of an applied EF. DiISBAC,(3) dye enters
depolarized cells, binding to intracellular proteins, which leads to enhanced fluorescence.

Changes in mean fluorescence intensity upon application and removal of an applied EF of
100mV/mm is presented (C) supported by images representing the changes in fluorescence
seen (D). (Carbenoxolone 100pM n= 88; Carbenoxolone 1uM n= 157; Probenecid n= 249) **

P <0.01

Figure 4: Suramin, a purinergic receptor antagonist, was applied to keratinocytes in an
applied EF of 100mV/mm at concentrations ranging from 10"?M to 10°M and the effect on
speed of migration at each concentration (A) and directionality of migration (B) is shown. (10

M n= 79; 10°M n= 105; 10°M n= 111; 10"°M n=66) ** P < 0.01

Figure 5: ADP targets a number of purinergic receptors. Application of ADP at
concentrations of 1uM, 10uM, and 100uM and its effect on speed of migration (A) and
directionality of migration (B) are shown. The effects of specific purinergic receptor
antagonists are also presented with the effect on speed of migration of MRS2179, ticlopidine
hydrochloride and MRS2211 (C), UDP and MRS2578 (E) and NF157 (G) shown. The effects
of these purinergic receptor blockers on directionality of migration are also separately
presented; MRS2179, ticlopidine hydrochloride and MRS2211 (D), UDP and MRS2578 (F)
and NF157 (H). (ADP 1uM n= 61, ADP 10uM n= 72, ADP 100uM n= 77, MRS2179 n= 45,
ticlopidine hydrochloride n= 162, MRS2211 n= 172, UDP n= 61, MRS2578 n= 51, NF157 n=

59) ** P < 0.01; *P < 0.05.

Figure 6: A diagram explaining our hypothesis that application of an electric field induced
polarized membrane potential changes causing hyperpolarization at one pole, likely the

anode facing side, and depolarization on the opposite pole, likely the cathode facing pole of
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the cell. This leads to localized ATP release through pannexin/connexin hemichannels,

opened upon membrane depolarization, likely on the cathodal facing surface, in turn

activating local P,Y receptors in autocrine fashion to cause polarized activation of signaling

cascades within the cell to allow directional migration towards the cathode, the center of a

wound in vivo.
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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