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Abstract

Wounding induces a calcium wave and disrupts the calcium gradient across the
epidermis but mechanisms mediating calcium and downstream signalling, and
longer-term wound healing responses are incompletely understood. As expected,
live-cell confocal imaging of Fluo-4-loaded normal human keratinocytes showed an
immediate increase in [Ca?']; at the wound edge that spread as a calcium wave
(8.3 um/s) away from the wound edge with gradually diminishing rate of rise and
amplitude. The amplitude and area under the curve of [Ca?*]; flux was increased in
high (1.2 mM) [Ca®*], media. 18a-glycyrrhetinic acid (18aGA), a gap-junction in-
hibitor or hexokinase, an ATP scavenger, blocked the wound-induced calcium wave,
dependent in part on [Ca?*],. Wounding in a high [Ca?*], increased nuclear factor of
activated T-cells (NFAT) but not NFkB activation, assessed by dual-luciferase re-
ceptor assays compared to unwounded cells. Treatment with 18aGA or the store-
operated channel blocker GSK-7975A inhibited wound-induced NFAT activation,
whereas treatment with hexokinase did not. Real-time cell migration analysis,
measuring wound closure rates over 24 h, revealed that 18aGA essentially blocked
wound closure whereas hexokinase and GSK-7975A showed relatively minimal ef-
fects. Together these data indicate that while both gap-junction communication and
ATP release from damaged cells are important in regulating the wound-induced
calcium wave, long-term transcriptional and functional responses are dominantly

regulated by gap-junction communication.
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1 | INTRODUCTION

Tight spatial and temporal regulation of intracellular calcium ([Ca®*])
signalling allows this ion to control a wide variety of physiological re-
sponses including cell growth and differentiation. A steep vertical calcium
gradient exists within the epidermis with calcium concentration being
low in the proliferative basal layer, progressively increasing through the
spinous layer reaching a maximum in the granular layer; levels then fall at
the outermost stratum corneum (Elias et al., 2002). Experiments in a wide
variety of organisms and cell types have shown that wounding leads to
an immediate rise in cytosolic calcium at the wound edge which is fol-
lowed by a calcium wave radiating away from the site of injury and
passing from cell to cell (Tran et al., 1999; Tu et al,, 2019). In contrast to
excitable cells, wound-induced calcium waves in keratinocytes decay and
gradually diminish over relatively short distances (Kobayashi et al., 2014).
The wound-induced rapid elevation in [Ca?*]; and subsequent calcium
wave have been shown to be crucial for the downstream calcium-
dependent signalling pathways that promote wound closure and organ-
ism survival (Tu et al., 2019; Xu & Chisholm, 2011). During wounding of
the skin, the epidermal barrier is breached, the dermis is damaged and
the wounded tissue is exposed to serum which contains a high con-
centration of calcium (Bandyopadhyay et al., 2006). However, measure-
ment of wound fluid immediately after cutaneous excisional wounding of
pigs showed a reduction of calcium concentration compared to plasma,
possibly due to Ca%* sequestration (Grzesiak & Pierschbacher, 1995). A
progressive increase in calcium concentration was noted at the incisional
skin wound site up to Day 5 in rats (Lansdown et al.,, 1999). Together,
these studies underscore the importance of extracellular calcium to cu-
taneous wound healing.

Cytosolic increases of calcium can arise essentially from extracellular
influx through plasma membrane ion channels, entry of calcium from

2*); release from intracellular

adjacent cells through gap junctions or [Ca
stores. The latter occurs primarily from the endoplasmic reticulum (ER),
although the Golgi apparatus (Xue et al., 1994) and the mitochondria (De
Stefani et al., 2011) have also been reported to be major calcium stores.
Calcium release from the ER is primarily triggered by local increases of
the soluble mediator inositol 1,4,5-trisphosphate (IP3) binding to its re-
ceptor on the ER and activating Ca2* release through the IP; receptor's
intrinsic Ca* channel. Although both calcium and IP; may pass through
gap junctions (Boitano et al., 1992; Saez et al.,, 1989), the diffusibility of
calcium is relatively limited, due in part to its propensity to interact with a
variety of proteins. IP; transfer with subsequent triggering of Ca®* re-
lease from the ER in adjacent cells is the more likely scenario (Leybaert &
Sanderson, 2012), including in keratinocytes (Kobayashi et al., 2014).
Depletion of calcium from the ER is sensed by stromal interaction mo-
lecule 1 (STIM1) resulting in the translocation of STIM1 to the plasma
membrane, activation of calcium release-activate calcium channel protein
1 (Orail) and subsequent entry of external calcium through Orail
channels (Stathopulos et al., 2013). This process, termed store-operated
calcium entry (SOCE), inextricably links external calcium concentrations
to intracellular calcium fluxes and regulation of cellular processes. Con-
sequently, intra and extracellular calcium sensing proteins play key roles
tightly regulating in these signalling pathways by activation of positive

and negative feedback loops (Bird & Putney, 2018; Kobayashi
et al, 2014).

Although wound healing is an evolutionary conserved process, the
mechanisms contributing to the wound-induced calcium wave vary
among organisms and cell types. In keratinocytes, gap junction signalling
and release, followed by diffusion of ATP to adjacent cells, where it binds
to G protein coupled receptors activating phospholipase C and gen-
erating IP5, have both been shown to play a role in mediating the wound-
induced [Ca®*]; wave (Karvonen et al, 2000; Kobayashi et al., 2014).
Recent studies have also identified a role for the calcium-sensing re-
ceptor in mediating the wound-induced calcium flux and the migratory
response of keratinocytes (Tu et al., 2019). However, the interplay and
relative contribution of ATP signalling, gap junctions and extracellular
calcium influx to the generation and propagation of the calcium wave in
human keratinocytes is incompletely understood. Moreover, the me-
chanisms linking calcium signalling occurring in the seconds and minutes
after injury to activation of physiological processes required for wound
healing remain to be fully defined. IPs-mediated SOCE signalling cascade
is fundamental to nuclear factor of activated T-cells (NFAT) 1-4 activa-
tion and all four calcium-dependent family members are expressed in
keratinocytes. In keratinocytes, calcineurin accompanies NFAT1 to the
nucleus where it retains NFAT in a dephosphorylated state and therefore
NFAT remains nuclear (Al-Daraji et al., 2002). We and other investigators
have previously reported that inhibition of calcineurin/NFAT signalling
inhibits keratinocyte migration and scratch wound closure (Brun
et al., 2014; Jans et al., 2013). In this study, we aimed to analyse specific
parameters of the wound-induced calcium wave in human keratinocytes
and to delineate pharmacologically the contribution of extracellular ATP
signalling, gap-junctional communication, and extracellular calcium influx
to further understand the mechanisms of wave transmission. Finally, we
designed experiments to establish the relative effects of gap-junctional
communication, extracellular ATP and SOCE on both wound-induced
NFAT transcriptional activation and keratinocyte migration to close the

wound.

2 | MATERIALS AND METHODS

2.1 | Reagents
All chemicals were purchased from Sigma-Aldrich unless otherwise
specified.

2.2 | Cell culture and treatments

Normal human epidermal keratinocytes were isolated from normally
discarded healthy adult skin samples from patients undergoing a surgical
procedure (Jans et al., 2013; Todd & Reynolds, 1998) and expanded in
human keratinocyte growth supplement medium (Invitrogen). The study
was approved by the Newcastle and North Tyneside local ethics com-
mittee, and written informed patient consent was obtained. Keratino-
cytes were used between Passage 1 and 3.
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2.3 | [Ca®']; imaging

Keratinocytes seeded in Willco glass-bottomed dishes (Intracel) were
loaded with 3 uM Fluo4-AM, 200 mM sulphinpyrazone and 0.1% pluronic
acid F-127 and subjected to Ca?*; imaging using Fluo-4-AM (Invitrogen)
as described (Ross et al., 2007). Post-de-esterification, media was re-
placed with fresh media with a calcium concentration of either 0.06 or
1.2mM for 5min before wounding. Single scratch wounds were made
approximately 30s after imaging commenced using a 200 pl pipette tip.
After 20 min, 3 uM thapsigargin (Tg) was added as a positive control.
Imaging was carried out using a Nikon spinning disc TIRF system (Nikon
UK Limited) with 20x1.2 lens and excitation wavelength 488 nm. Live
images were captured at 3.7 frames per second (fps). Quantification was

performed using Volocity (Improvision).

2.4 | ATP release postwounding
ATP release from keratinocytes postwounding was detected using

the luminescence-based Cell-titre glo assay (Promega UK).

2.5 | NFAT transcriptional activity assay

NFAT transcriptional activity was measured using an NFAT firefly luci-
ferase reporter plasmid (pGL3; Promega), containing nine copies of an
NFAT-binding site from the IL-4 promoter (5-TGGAAAATT-3') posi-
tioned 5’ to a minimal promoter from the a-myosin heavy-chain gene,
gratefully obtained from J Molkentin, Cincinnati (Wilkins et al., 2004).
Transfection efficiency and cell viability were controlled by cotransfect-
ing a Renilla luciferase control vector (pRLTK; Promega). Keratinocytes
were seeded in 12-well plates and transfected using 0.5 pg of firefly
reporter DNA plus 0.05ug of Renilla luciferase DNA using Fugene 6
(Roche Applied Sciences) at a 6:1 Fugene:DNA ratio. After 24 h, the cells
were stimulated as indicated, lysed, and assayed for dual luciferase ac-
tivity. Luciferase assays were performed using the dual luciferase assay
system (Promega). Reporter firefly luciferase values were normalized to

the Renilla values.

2.6 | Wound closure rates

A 200 ul pipette tip was used to create a “cross hatch” wound, on
confluent keratinocytes seeded in 24-well plates. Cells were imaged
using the Nikon Biostation CT (Nikon UK Limited). ImageJ was used
to manually measure the initial wound area and then the subsequent

wound area at specified time points.

2.7 | Statistical analysis

Statistical analysis was conducted using Prism (GraphPad 5 or 6 soft-
ware). Data presented represent mean + standard error of the mean
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(SEM). N depicts the number of independent donors and n indicates the
total number of independent experiments (culture dishes) or number of

cells analysed (as specified).

3 | RESULTS

3.1 | Characterisation of wound-induced calcium
wave transmission

As expected, real time confocal imaging of primary keratinocytes
loaded with Fluo4-AM calcium dye showed an increase in in-
tracellular calcium immediately after wounding, initially focussed at
the wound edge; this then spread outward through neighbouring
cells during the first 10 s (Figure 1a). To characterise the spread of
the calcium wave back from the wound edge, maximum F;/Fo, de-
fined as the greatest fold change in [Ca®*]; flux within individual
cells was analysed in “rows” according to their location away from
the wound edge, designated 1-6, with cell row 1 being the cell at
the wound edge. The time to reach maximum F;/Fy across the first
six cell rows away from the wound edge fit a linear regression
model (Figure 1g). Wounding caused a greater increase in maximum
F/Fo [Ca?*]; in cells at the wound edge with a progressive linear
decline in Fy/Fo [Ca?']; in cells further back (Figure 1b), with cell
rows 4-6 having a significantly reduced maximum Fi/F, compared
to cell row 1 (p<.05), consistent with previous reports of dimin-
ishing signals away from the source of mechanical stimulus
(Kobayashi et al., 2014). In line with this, analysis of the time for
individual cells to reach maximum Fy/Fy [Ca®*]; showed that the
further back from the wound edge a cell was located, the longer it
took, with cells at the wound edge reaching maximum Fy/Fo [CaZ*];
in a shorter time compared to cells six cells back (Figure 1g). Next,
we calculated area under the curve (AUC) as an integrative mea-
sure of wound-induced calcium flux which in 0.06 mM [Ca®*], may
be considered an approximation to calcium release from the ER.
Figure 1c shows that the AUC of [Ca®']; flux decreased progres-
sively in a linear manner across cell rows away from the wound
edge, consistent with decline in the maximum Fy/Fo [Ca®']; as the
calcium wave travelled away from the wound. Figure 1d shows that
that the rate of rise of the [Ca®*]; flux decreased exponentially the
further back from the wound the cells were located. Cells at the
wound edge had a rate of rise of 0.67 + 0.23 (AF,/Fo/s) and those six
cells back from the wound had a rate of rise of 0.10 + 0.03 (AF/Fo/s)
(p <.05). Overall, our analysis indicates that after wounding, the
calcium wave reduces in amplitude, flux and rate of rise as it travels
across cells away from the wound edge. The mechanisms for this
dampening remain to be formally determined experimentally, but
the pattern of response is most consistent with [Ca?*]; release
gradually diminishing as the wave moves away from the wound.
This model is compatible with both gap-junction communication
and paracrine ATP signalling (Fujii et al, 2017; Kobayashi
et al., 2014) and the diminishing ability of IP; and/or extracellular
ATP to regenerate IP5 (Sneyd et al., 1995).
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FIGURE 1 Distinct characteristics of wound-induced calcium wave and differential closure rates in low and high extracellular calcium
conditions. Primary human keratinocytes cultured in 0.06 mM [Ca?*], KGM were loaded with Fluo4-AM calcium dye. Post-de-esterification,
either 0.06 mM (a-i) (blue lines/bars) or 1.2 mM [CaZ?*], (e-i) (red/brown lines/bars) KGM was added for 5 min before scratch wounding. (a)
Pseudo colour images of real time confocal images (Scale bar = 80 um). Wound edge is highlighted by dotted line. Representative of three
independent donors. (b-d; g) Specified parameters were analysed at each cell location from the wound edge. Linear regression line and 95% Cl
(dotted lines) (b, c, g) and nonlinear regression exponential decay graph (d) are shown. Data represent mean = SEM from 12 cells at each
location from three independent donors (n =72, N = 3). (b) Maximum (max) Fi/Fo [Ca®*]; flux. *p < .05 compared to cell row 1, one-way ANOVA,
Dunnett's post-hoc test. (c) AUC, p < .0001 one-way ANOVA, posttest for linear trend. (d) Rate of rise [Ca®*]; flux, **p < .01, *p < .05 compared to
cell row 1, one-way ANOVA with Dunnett's post-hoc test. (e) Fy/Fo [CaZ*]; flux (mean + SEM plotted every 7 s for clarity) from 72 cells across
rows 1-6 in three independent donors wounded in 0.06 mM (blue) or 1.2 mM (red) [CaZ*],. ***p < .001, *p < .05, 0.06 MM compared to 1.2 mM
[Ca®*], at each time point, two-way ANOVA with Bonferroni post-hoc test. (f) AUC (mean = SEM) for [Ca?*]; fluxes in 0.06 mM (blue bar) and
1.2 mM [Ca?*].. (red bar); **p < .01, unpaired T-test (n =72 cells, N = 3 donors). (g) Time taken to reach maximum fold change (Fy/Fo) [CaZ*]; flux
in 0.06 MM (blue) or 1.2 mM (red) [Ca®*],; two-way ANOVA p <.0001 and *p < .05 Bonferroni post-hoc test 0.06 mM compared to 1.2 mM
[Ca?*].. (h) Representative images taken at predetermined co-ordinates every 1 h for 24 h. Black lines depict wound edge (Scale bar = 250 pm).
(i) Wound size was measured at each time point using Image J and percent of wound closure calculated (mean + SEM; 18 experiments from six
independent donors; n= 18, N = 6). Two-way ANOVA p <.0001; **p <.01 Bonferroni post hoc test between the two external calcium
concentrations. ANOVA, analysis of variance; AUC, area under the curve; Cl, confidence interval; KGM, keratinocyte growth medium

3.2 | Effect of increased extracellular calcium the maximal [Ca?']; flux induced by wounding, was significantly larger

concentration on wound-induced calcium wave
characteristics

Although the overall pattern of the [Ca2']; fluxes appeared similar whe-
ther keratinocytes were wounded in 0.06 mM or 1.2 mM [Ca?*], KGM,

when wounding was performed in 1.2 mM [Ca®*], (Figure 1e). Analysis of
cells according to their location from the wound edge, showed no dif-
ference in the calcium flux at the wound edge (Figure S1a) between cells
cultured in 0.06mM or 1.2mM [Ca?*],. Notably, however, the mean
calcium signal (Fy/Fo) and AUC of [Ca®']; flux were significantly increased
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in cells located two to six rows from the wound, in 1.2mM [Ca?'], 3.3 | GSK-7975A inhibits SOCE in keratinocytes
compared to 0.06 mM [Ca?*], (Figure S1b-f). Additionally, as shown in

Figure 1g, the time taken to reach maximum Fy/F, was reduced when GSK-7975A, a pyrazole derivative, is an effective and highly se-
wounding was conducted in 1.2 mM [Ca?"].. Intriguingly, rate of rise of lective SOCE inhibitor that interferes with ion permeation
[Ca?*]; was the only parameter examined that was not affected by ex- through the Orail selectivity pore (Chaudhari et al., 2020; Derler
ternal calcium at cell locations either close to and further back from the et al., 2013). However, its efficacy in primary keratinocytes has
wound edge. If rate of [Ca?*}; rise is taken as an approximation to the rate to date, not been reported. To address this, primary human
at which calcium is released from intracellular stores, such as the ER, this keratinocytes in 1.2 mM [Ca?*], KGM were treated with 3uM
supports a model in which IP3 transfer across cells induces calcium re- thapsigargin (Tg) to deplete ER calcium stores and initiate SOCE
lease from the ER which leads to increased calcium entry in 1.2mM (Figure S2). Real time calcium flux imaging showed that 10 uM
[Ca?*], (Boitano et al.,, 1992). GSK-7975A or 10 uM diethylstilbestrol (DES) (Jans et al., 2013)

Based upon the effects of [Ca2*], on [Ca%*]; flux in keratinocytes, blocked SOCE in primary keratinocytes (Figure S2). However,
we hypothesised that wounding in a high external calcium environ- sulforhodamine B (SRB) cell viability assays demonstrated that
ment wound enhance keratinocyte wound closure. To test this, we DES was toxic to primary human keratinocytes at 24 h whereas
performed real time imaging of keratinocytes wounded in 0.06 or GSK-7975A did not appear to reduce cell viability. As we were
1.2 mM [Ca®*], KGM. At earlier time points postwounding (3-6 h), interested in correlating early calcium flux changes with
little difference was observed but after 12 h, significantly increased later wound healing responses, we subsequently used GSK-
wound closure rates were observed in 1.2mM compared with 7975A to inhibit SOCE and study its role in wound-induced
0.06 mM [Ca?*], (Figure 1h,i) (p <.01). calcium wave.
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FIGURE 2 Effect of SOCE blockade on wound-induced calcium flux. Primary human keratinocytes loaded with Fluo4-AM calcium dye were treated
with 10 pM GSK-7975A or vehicle in 0.06 mM KGM for 45 min and then 5 min before wounding switched to 0.06 or 1.2 mM [Ca?*], KGM with 10 pM
GSK-7975A. (a) Pseudo colour images of confocal images were generated before the wound being made (-2 s), at the point of wounding (0's) and then at
the time points indicated following addition of GSK-7975A in 1.2 mM [Ca?*], (Scale bar = 80 pum). Pseudo colour reference is shown. Wound edge is
highlighted by dashed line. Images are representative of three independent donors. (b) F/Fo [Ca2*]; flux from 72 cells across rows 1-6 in three
independent donors wounded in 1.2 mM [Ca?*], in presence of GSK-7975A or control. **p <.001 two-way ANOVA with Bonferroni post-hoc, GSK-
7975A compared to vehicle. (c-e) Specified parameters (mean + SEM) from 12 cells at each location (n =72 cells; N = 3 donors) were analysed at each
cell row location from the wound edge. (C) Maximum (Max) fold change (Fy/Fo) [Ca2*]; flux. Two-way ANOVA p = .007 and **p < .01 Bonferroni post-hoc
test GSK-7975A compared to vehicle. (d) Time taken to reach maximum Fy/Fo [Ca?*]; flux. Two-way ANOVA p = .04 GSK-7975A compared to vehicle (e)
AUC for [Ca?*]; fluxes. Two-way ANOVA p =.16 GSK-7975A compared to vehicle (f) Rate of rise [Ca®*]; flux. Two-way ANOVA p =.14 GSK-7975A
compared to vehicle. ANOVA, analysis of variance; KGM, keratinocyte growth medium; SOCE, store-operated calcium entry
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3.4 | Role of SOCE in the wound-induced

calcium wave

Keratinocytes wounded in 1.2 mM [Ca?*], KGM in the presence of
10 uM GSK-7975A showed a [Ca?*]; flux at the wound edge which
spread as a wave through neighbouring cells in a broadly similar
pattern compared to a vehicle control (Figure 2a). Overall, (and
specifically in cells two to six rows back from the wound), blocking
SOCE did not significantly affect the wound-induced [Ca?*]; flux
(Figure 2c). The wave took a significantly longer time to reach six
cells back from the wound edge when wounds were performed in the
presence of GSK-7975A compared to vehicle (p=.04, two-way
ANOVA), suggesting that SOCE contributes to the speed of propa-
gation of the wound induced calcium wave (Figure 2d). However,
blocking SOCE with GSK-7975A, did not significantly affect the AUC
2+]i

or rate of rise of the wound-induced [Ca“"]; flux (Figure 2e/f). To-

gether, these data provide evidence that SOCE does not affect the
overall [Ca?*]; flux away from the wound edge, consistent with the
effects of 1.2 mM [Ca?']; compared to 0.06 mM [Ca?']; (Figure 1g)
although SOCE may enhance the speed of the wound-induced cal-
cium wave. On the other hand and rather unexpectedly, the max-
imum F/Fo [Ca®*]; flux induced by wounding in 1.2mM [Ca?*], in
cells located at the wound edge was significantly increased in the
presence of GSK-7975A compared to vehicle (Figure 2c). These data
suggest that blocking SOCE channels at the wound edge may release
a reciprocal inhibitory mechanism enhancing calcium entry through
store independent calcium entry (SICE) channels (Zhang et al., 2018),
for example, as previously described (Mignen et al., 2001, 2003).
Maximum F,/Fo and AUC of wound-induced [Ca?*]; flux were greater
in 1.2mM [Ca®"]; compared to 0.06 mM [Ca?*]; (Figure 1ef) but
SOCE inhibition by GSK-7975A did not significantly affect these
parameters. These observations implicate activation of SICE chan-
nels (Zhang et al., 2018) or may be explained by activation of the
calcium sensing receptor (Tu et al., 2019).

3.5 | Role of gap junction communication in
mediating the wound-induced calcium wave

In mammalian cells, intercellular calcium wave propagation is thought to
occur predominantly through a combination of gap-junction commu-
nication and paracrine ATP signalling (Fujii et al, 2017; Kobayashi
et al,, 2014). Passage of IP3 through gap-junctions, binding to IP3R on the
ER and further initiation of SOCE has been shown in a variety of cell
types. ATP-mediated calcium waves are slower compared to direct gap
junctional signalling but can spread between cells either side of a cell-free
zone (Frame & de Feijter, 1997) and even across different cell types
(Koizumi et al., 2004). ATP released via connexin and pannexins (Bao
et al.,, 2004; Barr et al., 2013) is able to bind to P2YRs on neighbouring
cells, activating phospholipase C (PLC) and inducing an IP3-mediated
release of calcium from the ER and subsequently SOCE. However, there
is a lack of consensus regarding the relative contribution of each pathway
in mediating calcium signal transmission in keratinocytes (Korkiamaki

et al, 2005; Tsutsumi et al., 2009). We therefore sought to investigate
pharmacologically the role of gap junctions and extracellular signalling on
wound induced calcium flux in keratinocytes.

18a glycyrrhetinic acid (18aGA) (Davidson et al., 1986), a stereo-
isoform metabolite of glycyrrhizin, blocks gap junction communica-
tion through modification of phosphorylation of residues in the cy-
toplasmic tail of Connexin 43 (Cx43) leading to changes in the
assembly of connexins required for a functional gap-junction (Guan
et al,, 1996). As Cx43 is the most abundant connexin in mammals and
is expressed throughout the epidermis (Martin et al., 2014), and
18aGA blocks dye transfer across gap-junction in keratinocytes
(Easton et al., 2019), we utilised 18aGA to investigate the relative
contribution of gap-junction communication to wound-induced cal-
cium wave in human keratinocytes.

Figures 3a and 3d show that immediately following wounding in
1.2 mM [Ca?"], in the presence of 18aGA, [Ca®*]; increased within cells
located at the wound edge but to a significantly lesser degree compared
to control conditions in 0.06 mM [Ca?*], (Figure 1b) and 1.2 mM [Ca?*],
(Figure 3d). Moreover, in 0.06 mM [Ca2+]oy 18aGA substantially and
significantly reduced the overall [Ca®*} flux compared to control
(Figure 3b) resulting in a marked and significantly diminished maximum
fold change (F/Fo) (Figure 3d) and AUC of [Ca?*}; flux (Figure 3h) at all
specified locations from the wound edge. Additionally, as shown by
Figure 3f, 18aGA treatment in 0.06 mM [Ca?'], had an overall delaying
effect on the time taken to reach maximum F/Fy (p =.0007, two-way
ANOVA) which was most pronounced two rows back from the wound
edge (p < .05, Bonferroni post-hoc), consistent with a more rapid spread
of the calcium wave through gap junctions (compared to ATP paracrine
effects).

Wounding in the presence of 18aGA in 1.2mM [Ca%'],
caused a reduced maximum Fy/Fo and AUC of [CaZ*]; flux com-
pared to vehicle in cells at all specified locations from the wound
edge, although in contrast to experiments in 0.06 mM [Ca?*], the
difference was more notable at locations distal to the wound
(Figures 3e and 3i).

However, again in contrast to experiments in 0.06 mM [Ca2+]oy
18aGA had no significant effect on the time to reach maximum
[Ca?*); following wounding in 1.2 mM [Ca®*], (Figure 3g).

Together these data provide evidence that blockade of gap-
junction communication significantly abrogates the transduction
of [Ca?*]; signal initiated at the wound edge. Interestingly, how-
ever, wounding in the presence of 18aGA in 1.2 mM [Ca?*],, re-
duced parameters of the wave but not to the extent observed in
0.06 mM [CaZ?*], (Figure 3b,c). Both the maximum F,/Fo reached
and AUC of the wound-induced [CaZ?*]; flux were not significantly
diminished by 18aGA in 1.2mM [Ca?*], compared to vehicle
within cells located at the wound edge; however both maximum
F/Fo reached and AUC then decreased with increasing location
from the wound edge (Figures 3e and 3i). These data suggest that
other mechanisms, including for example calcium entry poten-
tially combined with extracellular ATP signalling, could partially
overcome blockade of gap junctions close to the wound edge and
enable partial transduction of the calcium wave.
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FIGURE 3 Abrogation of wound-induced intercellular calcium wave by 18aGA in both low and high external calcium conditions. Primary human
keratinocytes loaded with Fluo4-AM calcium dye were treated with 20 uM 18aGA or vehicle in 0.06 mM KGM for 45 min and then 5 min before
wounding switched to 0.06 mM or 1.2 mM [Ca?*], KGM with 20 uM 18aGA. (a) Pseudo colour images of confocal images were generated before the
wound being made (-2's), at the point of wounding (0's) and then at the time points indicated following pretreatment with 18aGA in 1.2 mM [Ca?'],
KGM (Scale bar = 80 um). Pseudo colour reference is shown. Wound edge is highlighted by dotted line. Images are representative of three independent
donors. (B) Fy/Fo [Ca?*]; flux from 72 cells across rows 1-6 in three independent donors wounded in 0.06 mM [Ca?*], in presence of 18aGA or control.
***p <001 two-way ANOVA with Bonferroni post-hoc test, 18axGA compared to control. (c-h) Specified parameters (mean + SEM from 12 cells at each
location from three independent donors (n=72; N = 3) were analysed at each cell row location from the wound edge. (c) and (d) Maximum (Max) fold
change F/Fo [Ca®"]; flux in 0.06 mM (c) or 1.2 mM [Ca?'], (d) in presence of 18aGA or control. Two-way ANOVA p < .0001; ***p < 0001, *p < .01,
*p < .05, Bonferroni post-hoc test, 18aGA compared to control. (ef) Time taken to reach max Fy/Fo [Ca?*]; flux for wounds made 0.06 mM (e) or 1.2 mM
[Ca®*], (f). Two-way ANOVA p =.0007, *p < .05, bonferroni post-hoc test, 18aGA compared to control. (g, h) AUC of [Ca?*]; flux for wounds made
0.06 MM (g) or 1.2 mM [Ca?*], (h). Two-way ANOVA p =.0001, ***p < 001, Bonferroni post-hoc test 18aGA compared to control. 18aGA, 18a-
Glycyrrhetinic acid; ANOVA, analysis of variance; KGM, keratinocyte growth medium

3.6 | Role of extracellular ATP signalling in
mediating the wound-induced calcium wave

collected and added to unwounded keratinocytes that had been
loaded with the calcium dye Fluo4-AM. Following addition of the CM,
[Ca?*]; flux increased within a subpopulation of cells which remained

Addition of wounded conditioned media to unwounded cells triggers elevated for several minutes (Figure S3).

a [Ca?"); flux in a variety of cell types (Sammak et al, 1997). To
determine whether extracellular paracrine factors were playing a
role in wound-induced calcium flux, human keratinocytes were
scratch wounded in a cross-hatch manner in either 0.06 or 1.2 mM
[Ca?*],. Five minutes postwounding, the conditioned media (CM) was

Stress or mechanical perturbation results in release of ATP from
keratinocytes (Barr et al., 2013; Moehring et al., 2018) and ATP
at physiological concentrations causes a calcium response in un-
wounded cells (Figure S4) in either 0.06 or 1.2mM [Ca®*],(Ross
et al, 2007). To confirm that wounding induced ATP release and



HUDSON ET AL.

8178 Journalof:
—LWI |} DA & Cellular Physiology

( ) 0.06 mM [Ca2*], ( ) ( ) ( )
5 , " — Control 1.2 mM [Ca], 5
— Control 0.06 mM [Ca™], Hexokinase 1.2 mM (Ca®*], *kk
0s 25 ~ Hexokinase 0.06 mM [Ca®"], il
4
2
b *
& 3 1
s
S
%2
o
2
<
1
H 2 3 1 3 3 0.06 mM (Ca), 1.2 mM [Ca®"], 0,06 mM (Co™', 1.2 mM (Ca™],
Time (min) Time (min) Control Hexokinase
P=0.0015 hexokinase compared to control (g ) ( h )
= Control 1.2 mM [Ca?"], 10 = Control 1.2 mM [Ca®"], 8 = Control 1.2 mM [Ca®"],
3 Hexokinase 1.2 mM [Ca?"], 2 3 Hexokinase 1.2 mM [Ca®], ok 3 Hexokinase 1.2mM [Ca?"],
< « s
uw N *k
% = =
£ s
< O 4
g 5
1.2 mM [Ca2*], ° S
8 I 2
°
0s £
e

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
) Cell location from wound edge Cell location from wound edge Cell location from wound edge

1.5 = Control 1.2 mM [Ca?"],
3 Hexokinase 1.2 mM [Ca?"],

flux

o

Rate of rise of [Ca®']

120s 180s

60s
u . . n M

FIGURE 4 Abrogation of wound-induced intercellular calcium wave by hexokinase is dependent on external calcium conditions. Primary
human keratinocytes loaded with Fluo4-AM calcium dye were treated with 50 U/ml hexokinase or vehicle for 45 min in 0.06 or 1.2 mM [Ca?*],
KGM before wounding. (a, b) Pseudo colour images of confocal images were generated before the wound being made (-2 s), at the point of
wounding (0s) and then at the time points indicated in the presence of hexokinase in 0.06 mM (a) or in 1.2 mM [Ca?*], (b) KGM (Scale

bar = 80 um). Pseudo colour reference is shown. Wound edge is highlighted by dotted line. Images are representative of three independent
donors. Fi/Fo [CaZ*]; flux (c) and (d) and AUC [Ca?"]; flux (e) from 72 cells across rows 1-6 in three independent donors wounded in 0.06 mM (c)
or 1.2 mM [Ca®*], (d) in presence of hexokinase or control. (c) Two-way ANOVA, p = .2507; (d) Two-way ANOVA p < .0001; ***p < .001, *p < .05
Bonferroni post-hoc test hexokinase compared to control. (e) Two-way ANOVA p =.0003; ***p <.001, *p < .05 Bonferroni post-hoc. (f-i)
Specified parameters (mean + SEM from 12 cells at each location from three independent donors; n=72; N = 3) were analysed at each cell row
location from the wound edge. (f) Max fold change (Fi/Fo) [Ca®']; flux in 1.2 mM [CaZ*],. Two-way ANOVA, p =.0015, hexokinase compared to
control. (g) Time taken to reach max F,/Fo [Ca2']; flux for wounds made in 1.2 mM [Ca?*],. Two-way ANOVA p = .07, hexokinase compared to
control. (h) AUC of [Ca?*]; flux for wounds made in 1.2 mM [Ca?*],. Two-way ANOVA p <.0001; **p < .01, Bonferroni post-hoc test hexokinase
compared to control. (i) Rate of rise [Ca®*]; flux, two-way ANOVA p =.1786, hexokinase compared to control. ANOVA, analysis of variance;
AUC, area under curve; KGM, keratinocyte growth medium
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determine the time course, we measured ATP in the medium fol-
lowing cross hatch wounding. Postwounding, ATP was released from
keratinocytes immediately following wounding and persisted in the
medium for up to 60min in both 0.06 MM and 1.2mM [Ca?'],
(Figure S5).

To investigate the contribution of ATP release to wound
induced [Ca?*]; flux, we utilised the ATP scavenger hexokinase
(Liu et al., 2008) (Cheek et al., 1989) which essentially depleted de-
tectable levels of extracellular ATP in unwounded and wounded
samples in either 0.06 or 1.2 mM [Ca?*], (Figure S6). Pretreatment of
keratinocytes with 50 U/ml hexokinase substantially decreased the
intracellular calcium flux and reduced the spread of the calcium wave
in 1.2mM [Ca?*], (Figures 4b and 4d) but not 0.06 mM [Ca?*],
(Figures 4a, 4c, and S7). Moreover, in 0.06 mM [Caz+]o, hexokinase
treatment did not significantly affect the wound-induced [Ca?*]; flux
(Fe/Fo, AUC) overall or at any cell location from the wound edge

(Figures 4a, 4c, and 4e). For wounds performed in 1.2 mM [Ca?*],,
treatment with hexokinase significantly decreased [Ca®*]; flux (F¢/Fo)
compared to control (Figures 4d and 4f). Kinetic analysis showed a
reduction in time taken to reach maximum F;/Fg in cells 5 and 6 rows
back from the wound with hexokinase treatment (Figure 4g), con-
sistent with faster transmission of the wave through gap junctions,
although this did not reach statistical significance (p=.07, two way
ANOVA). AUC was also significantly reduced by pretreatment with
hexokinase compared to control in 1.2 mM [Ca?*], (Figures 4e and
4h), perhaps reflecting reduced ATP-induced calcium entry from the
extracellular space. Finally, Figure 4i shows that hexokinase did not
influence the rate of rise of the [Ca%*]; flux induced by wounding
which decreased the further back from the wound the cell was lo-
cated. Together these data show that ATP paracrine signalling sig-
nificantly contributes to the wound-induced calcium wave in 1.2 mM
[Ca?*], but seems to play little role in 0.06 mM [Ca?*],.
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FIGURE 5 Differential effects of SOCE, ATP and gap junction signalling on wound-induced NFAT activation and wound closure in human
keratinocytes. (a-d) Primary human keratinocytes cultured in 0.06 mM [Ca®*], KGM were transfected with NFAT firefly and renilla luciferase
constructs and cultured until 100% confluent. Luciferase activity (mean firefly/renilla ratio + SEM normalised to unwounded 0.06 mM [Ca?*],) was
measured 24 h after wounding. (a) Medium was replaced with either 0.06 or 1.2 mM [Ca®*], KGM before cross-hatch wounding; 47 experiments
from 17 independent donors (n =47, N = 17). Two-way ANOVA p =.0002; ***p <.001 Bonferroni post-hoc. (b) Medium was replaced with either
0.06 or 1.2 mM [Ca?*], KGM with 10 pM GSK-7975A or 1:1000 vehicle (DMSO) for 1 h before cross-hatch wounding (n = 19, N = 7). Two-way
ANOVA p < .0001; ***p < .001 Bonferroni post-hoc. (c) Medium was replaced with either 0.06 or 1.2 mM [Ca®*], KGM with 20 uM 18aGA or
1:1000 vehicle (DMSO) for 1 h before cross-hatch wounding (n = 15, N = 5). Two-way ANOVA p < .0001; ***p <.001, **p < .01 Bonferroni post-hoc.
(d) Medium was replaced with either 0.06 or 1.2 mM [Ca?*], KGM with 50 U/ml hexokinase or control for 5 min before cross-hatch wounding
(n=18; N = 6). Two-way ANOVA, p = .8802. (e-h) Primary human keratinocytes cultured in 0.06 mM [Ca®*], KGM were grown to confluency and
treated with 20 uM 18aGA (a, g), 10 pM GSK-7975A (e) and 50 U/ml hexokinase (h) in 1.2 mM [Ca?*], for 1 h before wounding. Images were taken
at predetermined co-ordinates every hour for 24 h. (e) Representative images of wound closure. Black lines depict wound edge (Scale

bar = 250 um). (f-g) Wound area was measured using Image J and calculated as a percentage of the original wound size. Graphs show mean + SEM.
(f) Two-way ANOVA p =.01 comparing wound closure rates between untreated and GSK-7975A treated cells; 10 experiments from three
independent donors (n = 10, N = 3). (g) Two-way ANOVA p < .0001; ***p <.001 Bonferroni post hoc test comparing wound closure in untreated and
18aGA treated cells (n=9, N = 3). (h) Two-way ANOVA p =.01, *p <.05 Bonferroni post-hoc test comparing wound closure rates between
untreated and hexokinase treated cells (n=12, N = 4). 18aGA, 18a-Glycyrrhetinic acid; ANOVA, analysis of variance; DMSO, dimethyl sulfoxide;
KGM, keratinocyte growth medium; NFAT, Nuclear factor of activated T-cell; SOCE, store-operated calcium entry

3.7 | Wound-induced NFAT activation in human
keratinocytes

Sustained increases in [Ca®*]; results in calcium ions binding to cal-
modulin which in turn activates the serine phosphatase calcineurin.
Calcineurin dephosphorylates the calcium dependent factor NFAT
(isoforms 1-4), exposing its nuclear localisation domain resulting in

NFAT translocation to the nucleus and transcriptional activation
(Hogan et al., 2003). As keratinocytes express all four calcium-
dependent NFAT isoforms (Al-Daraji et al., 2002) which are activated
by a variety of stimuli (Flockhart et al., 2008) and play a functional
role in regulating growth, differentiation and migration (Jans
et al,, 2013; Wilson et al.), we hypothesised that wounding would
activate NFAT in primary human keratinocytes. Moreover, by using
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NFAT as a functional readout of wound-induced [Ca®*];

flux, we
aimed to investigate the relative contribution of SOCE, gap junctions
and extracellular ATP signalling to wound-induced NFAT activation.

We measured wound-induced NFAT activation, in primary ker-
atinocytes using a NFAT transactivation luciferase assay. Preliminary
experiments established that wounding induced maximal increase in
NFAT activity at 24 h. Unwounded cells exposed to 1.2 mM [Ca?*],
showed a small 1.55 +0.14-fold increase in NFAT activation com-
pared to unwounded cells in 0.06 mM [Ca?*], (Figure 5a) (p >.05).
Wounding in 1.2 mM [Ca?*], but not in 0.06 mM [Ca®*], resulted in a
robust activation of NFAT at 24 h (Figure 5a). In contrast, wounding
did not activate canonical NfkB signalling as determined by luciferase
assay in keratinocytes although NfxB-dependent luciferase activity
was induced by 1.2 mM [Ca®*], (Figure S8) consistent with the role of
NfxB in regulating keratinocyte differentiation (Hinata et al., 2003).
These data indicate that a high external calcium environment, is
required for NFAT activation postwounding.

3.8 | Relative contribution of SOCE, gap junction
communication and extracellular ATP signalling in
mediating wound-induced NFAT activation

As wound-induced NFAT activation in keratinocytes required a high
calcium external environment, we tested the role of SOCE, by
wounding cells in the presence of the SOCE inhibitor GSK7975A or
vehicle (dimethyl sulfoxide). Wounding in the presence of GSK-
7975A [Ca?*], significantly attenuated wound-induced increase in
NFAT-dependent luciferase activity in 1.2mM (Figure 5b). These
results support a role for SOCE in mediating wound-induced NFAT
activation postwounding.

As blocking gap-junctional communication using 18aGA sig-
nificantly reduced wound-induced intracellular calcium flux and
prevented the spread of the calcium wave following scratch
wounding, we tested whether 18aGA inhibited wound-induced
NFAT activation in 1.2 mM [CaZ?*],. While wounding untreated cells
in 0.06 MM [Ca?*], did not induce NFAT activity, blocking gap-
junctional communication before wounding reduced NFAT activation
in low calcium conditions. Furthermore, wounding in the presence of
18aGA in 1.2 mM [Ca?*], completely blocked NFAT activation to
below that seen when wounding in 0.06 mM [Ca®*], (Figure 5c).

Primary human keratinocytes release ATP immediately after
wounding (Figure S4). Moreover, ATP induced intracellular calcium
signalling in a subpopulation of unwounded cells (Figure S4). Cells
wounded in 1.2 mM [Ca®*], following hexokinase treatment showed
attenuated elevation of NFAT-dependent luciferase compared to
control, but this difference was not statistically significant
(Figure 5d).

In summary, these data support the conclusion that wound-
induced activation of NFAT in keratinocytes occurs predominantly
through SOCE-mediated calcium influx in 1.2 mM [Ca®*], and a gap

junction-dependent mechanism.

3.9 | Dominance of gap-junction communication in
mediating wound closure compared to SOCE and
extracellular ATP

Gap-junction inhibition using 18aGA prevented the spread of
the calcium wave postwounding (Figure 3) as well as reducing
wound-induced NFAT activation (Figure 5c). We therefore hy-
pothesised that blockade of gap-junctional communication wound
have a significant functional effect on wound closure. To address this,
primary human keratinocytes were pretreated with 20 yM 18aGA
for 1h before wounding in KGM with a calcium concentration of
either 0.06 or 1.2 mM.

Blocking gap-junctional communication compared to untreated
cells wounded in 1.2 mM [Ca?*], (Figure 1h), reduced wound closure
at all time points following wounding (Figures 5e and 5g) (Two-way
ANOVA p <.0001); significantly so after 12h (p <.001 Bonferroni
post hoc test) resulting in minimal wound closure over 24 h. Similarly,
18aGA significantly inhibited wound closure in 0.06 mM [Ca®'],
(Figure S9) compared to control (Figure 1h).

Although blocking SOCE with GSK-7975A, did not significantly
affect early wound-induced [Ca?*]; flux (Figure 2), wounding in the
presence of GSK-7975A significantly attenuated wound-induced
NFAT activation in 1.2 mM [Ca®*], at 24 h (Figure 5b). To investigate
whether SOCE inhibition at the point of wounding had a functional
effect on wound closure, cells were pretreated with 10 yM GSK-
7975A for 1h before wounding in 1.2 mM [Ca?*],. Compared to
untreated cells wounded in 1.2 mM [Ca®*], (Figure 1h), inhibiting
SOCE partially decreased wound closure overall (p=.01, two-way
ANOVA) (Figure 5f).

ATP is released by keratinocytes upon wounding and removal of
ATP by hexokinase in the extracellular media following wounding,
significantly reduced the intracellular calcium flux postwounding in in
1.2mM [Ca?*], (Figure 4d.e). To test whether removal of extra-
cellular ATP by treatment with hexokinase had a functional effect on
cell migration, primary human keratinocytes monolayers were
wounded in either 0.06 or 1.2 mM [Ca?*], in the presence or absence
of 50 U/ml hexokinase. Compared to untreated cells wounded in
1.2 mM [Ca?*], (Figure 1h), removal of extracellular ATP increased
wound closure at later time points (p =.0135, two-way ANOVA) and
specifically at 18 h (Figure 5h) (*p <.05, Bonferroni post-hoc test).
Conversely and perhaps surprisingly, in cells wounded in 0.06 mM
[Ca?*], it appears that removal of extracellular ATP increased wound
closure rates at later time points (two-way ANOVA p<.0025)
(Figure S10).

Taken together these data showed that keratinocyte migration
during wound closure is regulated by SOCE, extracellular ATP and
gap-junctional communication. However, blockade of gap-junctional
communication exerted the most profound effect, completely pre-
vented wound closure in keratinocytes with relatively small con-
tributions from SOCE and extracellular ATP. In keratinocytes,
intercellular communication between cells following wound appears

necessary for effective cell migration to close the wound.
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3.10 | Concluding remarks

While the roles of extracellular and intracellular calcium regulating ker-
atinocyte growth and differentiation have been well characterised, the
mechanisms integrating these signals to regulate cutaneous wound
healing are less well understood. Our studies comparing responses in
0.06 and 1.2 mM [Ca®*], showed no differences in [Ca*]; flux response at
the immediate wound edge suggesting that intracellular stores are the
principle source for the initiation of the wound-induced wave. On the
other hand, in cells further from the wound edge, calcium entry from the
extracellular space was a major determinant for the amplitude of wound-
induced [Ca®*]; flux response. Notably, wounds closed significantly faster
in 1.2 mM [Ca®*], compared to 0.06 mM [Ca®*],. Interestingly, treatment
with the GSK-7975A SOCE inhibitor, which was highly effective at
blocking SOCE in keratinocytes, slowed the speed of the wound-induced
calcium wave but did not affect the overall [Ca®*]; flux away from the
wound edge. Mechanical wounding is believed to trigger an increase in
IP3 in cells at the wound edge, although exact mechanisms are still not
understood and [Ca?*]; flux at the wound edge was unaffected by [Ca®*],.
GSK-7975A enhanced [Ca®*]; at the wound edge suggesting that block-
ade of SOCE enhances SICE in these particular cells.

Removing extracellular ATP, substantially abrogated wound in-
duced [Ca®']; in 1.2 mM [Ca?*], but had no effect on intracellular
calcium flux in 0.06 mM [Ca?*],. These data suggest therefore, that in
a lower calcium extracellular environment, gap junction and IP5-
mediated mechanisms rather than extracellular signalling pre-
dominate in regulating wound induced calcium wave in keratino-
cytes. On the other hand, in a higher calcium extracellular
environment, ATP-mediated influx of calcium from the extracellular
space, was required for full propagation of the wave. In considering
the relative contribution of gap-junction and paracrine signalling to
the spread of the wound-induced intercellular calcium, it is important
to note that inhibitors of gap-junctional communication may also
decrease ATP release. For example, Cotrina et al. demonstrated that
overexpression of Cx43 increased intercellular calcium wave through
increased ATP release rather than increased gap-junction signalling
(Cotrina et al., 1998). Isakson et al. demonstrated that the mechan-
ical damage-induced [Ca®*]; wave was not lost in the presence of a
gap junction inhibitor but was in the presence of ATPase apyrase
(Isakson et al., 2001). Faniku et al. showed that inhibition of Cx43
inhibited ATP release in a concentration-dependant manner in
calcium deprivation (Faniku et al., 2018) and Kawano et al. showed
in human bone marrow-derived mesenchymal stem cells that
18aGA blocked ATP-induced calcium oscillations and NFAT acti-
vation (Kawano et al., 2006). Notably though pretreatment of
keratinocytes with 18aGA did not significantly reduce wound-
induced ATP release (Figure S11). Nevertheless, it is likely that
ATP release and gap-junction signalling interact synergistically to
trigger an intercellular calcium wave, NFAT activation and cell
migration. For example, Lacobus et al. demonstrated this by ana-
lysing the characteristics of the intercellular calcium wave. These
authors showed that wound-induced IP3;-mediated waves only
travelled a short distance, about five cells but combining ATP and
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IP3 signalling mechanisms resulted in a longer propagation dis-
tance (lacobas et al., 2006). In our study, it appears though that
signalling through gap junctions was apparently unable to over-
come blockade of ATP signalling in 1.2 mM [Ca?*],, reinforcing a
model in which complex feedback loops integrate signals ema-
nating from ATP signalling, calcium entry, and gap junctions.

As SOCE regulates NFATc1 translocation in keratinocytes (Jans
et al,, 2013) and ciclosporin and RNAi-mediated knockdown of NFATc1
inhibits lysophosphatidic acid-induced keratinocyte migration (Jans
et al, 2013), we investigated whether scratch wounding resulted in
transcriptional activation of NFAT. Our findings that wounding only ac-
tivated NFAT in 1.2 mM [Ca?'], which was markedly attenuated by GSK-
7975A underscores the role of SOCE in wound-induced NFAT activation.
Wounding in the presence of hexokinase did not attenuate transcrip-
tional activity and the addition of ATP at a physiologically relevant
concentration to unwounded keratinocytes did not induce NFAT tran-
scriptional activation. Therefore, extracellular ATP released by kerati-
nocytes following wounding does not appear to play a significant role in
NFAT activation. This is in contrast to human bone marrow-derived
mesenchymal stem cells (hMSCs) in which extracellular ATP released
through hemi-gap-junction channels induced spontaneous calcium os-
cillations and downstream nuclear translocation of NAFTc3 (Kawano
et al., 2006). Pharmacological inhibition of ATP release prevented in-
duction of the calcium oscillations and blocked nuclear translocation of
NFAT (Kawano et al, 2006). However, when these stem cells differ-
entiated into adipocytes both spontaneous oscillations and NFAT acti-
vation ceased (Kawano et al, 2006). Similar results were seen in
microglial cells in which Ferrari et al. observed that ATP was able to
activate NFAT (Ferrari et al, 1999).

The propagation of the calcium wave through the population of
cells appears to be important for downstream transcriptional activation,
as determined by a reduction in wound-induced NFAT activation when
wounding was performed in the presence of 18aGA. By studying
Cx457"~ mice embryos, Kumai et al. showed that signalling through gap-
junctions was required to activate NFATc1 (Kumai et al., 2000). In
knockout mice compared to wild type embryos, the authors showed
that Cx45 regulated nuclear translocation of NFATc1. Consistent with
these findings, we found that 18aGA, significantly inhibited wound in-
duced [Ca?*]; flux and NFAT transcriptional activation in both low and
high external calcium conditions.

Scratch wound closure in 1.2 mM [Ca®*], was only marginally
reduced by SOCE inhibition and removal of extracellular ATP. Con-
versely inhibition of gap-junctions robustly prevented cell migration
in both 0.06 mM [CaZ?*], and 1.2 mM and blocked NFAT activation in
1.2 mM [Ca®*],, providing further evidence that the calcium wave
induced by wounding is crucial in long-term functional events.

In summary, while both purinergic and gap-junction signalling
regulate the intracellular calcium flux and calcium wave immediately
following postwounding, there is a dominant effect of gap-junction
communication in the activation of NFAT and cell migration, leading
to wound closure over 24 h. Studies to further determine mechan-
isms regulating each of these pathways in relation to epidermal
wound healing and the translation of these findings into a 3D skin
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equivalent model, will hopefully lead to the development of novel

therapies to enhance wound closure.
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