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Transient Cell Membrane
Disruptions induce Calcium Waves
In Corneal Keratocytes

Zhong Chen?, Xiaowen Lu?!, Meghan E. McGee-Lawrence®? & Mitchell A. Watsky-3"

The purpose of this study was to determine if transient cell membrane disruptions (TPMDs) in single
keratocytes can trigger signaling events in neighboring keratocytes. Stromal cells were cultured

from human corneas (HCSC) and mouse corneas (MCSC). TPMDs were produced using a multiphoton
microscope in Cal-520-AM loaded cells. TPMD-induced calcium increases (Ca**;) were measured in Ca*+-
containing and Ca**-free solutions containing thapsigargin, ryanodine, BAPTA-AM, 18-a-glycyrrhetinic
acid (18a-GA), apyrase, BCTC, AMG 9810, or AMTB. Fluorescence intensity was recorded as the number
of cells responding and the area under the fluorescence versus time curve. The maximum distance of
responding neighboring cells in ex vivo human corneas was measured. Connexin 43 protein in HCSC

and MCSC was examined using immunofluorescence staining, and corneal rubbing was applied to
confirm whether TPMDs occur following mechanical manipulation. Our results demonstrate that single
cell TPMDs result in Cat* waves in neighboring keratocytes both in culture and within ex vivo corneas.
The source of Cat* is both intra-and extra-cellular, and the signal can be mediated by ATP and/or

gap junctions, and is species dependent. Stromal rubbing confirmed that TPMDs do occur following
mechanical manipulation. Keratocyte TPMDs and their associated signaling events are likely common
occurrences following minor or major corneal trauma.

The cornea is the anterior-most segment of the eye, and is the most powerful refractive element of the eye.
Histologically, the cornea contains an outwardly-facing epithelium, a stroma containing keratocytes and nerves,
and in inner-facing endothelium. Stromal keratocytes are dispersed among stromal collagen fibers, forming a
network of cells interconnected via gap junctions'~. Keratocytes are typically quiescent under normal physiolog-
ical conditions. Following corneal injury, keratocytes activate and become myofibroblasts, which migrate to the
wound area and are heavily involved in the wound repair process.

In many cell types, including gastrointestinal tract cells, myocytes, and osteocytes, physiological mechanical
loading can create transient micro-tears in the cell membrane termed transient plasma membrane disruptions
(TPMDs)*-8, which is a common form of cell injury. These TPMDs are typically repaired rapidly (within 10 to
60 seconds) to allow for continued cell survival. Importantly, TPMDs foster molecular flux across cell membranes
and promote tissue adaptation by initiating cellular mechanotransduction signaling. A TPMD facilitates rapid
extracellular calcium influx at the site of membrane injury, which can trigger a number of downstream intra- and
extracellular signaling events.

TPMDs and their associated intercellular signaling responses may occur frequently in corneal keratocytes
as a result of mechanical stimulation initiated by, for example, eye rubbing and minor or major corneal trauma.
Mechanical stimulation has been postulated to be the source of TPMDs in bone osteocytes, which reside in bony
lacunae and are consequently much more protected from external environmental influences than keratocytes’.
Recently, one of the authors (MML) introduced the use of the multi-photon microscope laser to induce TPMD
in osteocytes’, methodology that has been used previously in other cells like myocytes and keratinocytes”!°. This
study demonstrated single cell TPMD-initiated calcium signaling in both the wounded cell and non-wounded
adjacent neighbors, and also found that ATP was important for signaling mechanisms downstream of TPMD.
Interestingly, in addition to signaling to neighboring cells, the TPMD-induced influx of extracellular calcium
into the wounded osteocyte’s cytosol through the membrane tear was shown to initiate a signaling response
leading to the activation of the plasma membrane repair machinery”®. The primary focus of TPMD research up
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Figure 1. TPMD initiates calcium waves in human corneal stromal cells. (a) Representative trial showing
cells at different time points following a TPMD. White arrow shows TPMD site; other cells were not wounded.
(b) Ca** fluorescence intensity versus time curves of five selected cells from top panel (does not include the
source cell) demonstrate Ca** signaling magnitude over time following a TPMD.

Number Area Distance
Treatment HCells |MCells |HCells |MCells |H CornealRim Tissue
K-SFM* ! ! ! 1 !
Thapsigargin (1uM, 1h) 1 1 NS NS NS
18a-GA (30mM, 1h) NS NS NS ] !
Apyrase (10 U/ml, 30 min) 1 NS | NS N/A
BCTC (10mM, 1h) NS NS NS NS NS
AMG 9810 (10 uM, 30 min) NS | NS NS N/A
AMTB (10 uM, 30 min) NS NS NS NS N/A
K-SFM -+ Thapsigargin (1uM, 1h)* ! 1 ! 1 1
K-SEM + Ryanodine (50 uM, 1 h)* l T l | N/A
K-SEM + BAPTA-AM (50uM, 1 h)* ! ! | | N/A

Table 1. Summary of Experimental Treatment Results. Note: H: human; M: mouse. | reduced; T increased; NS:
not significantly different compared to DMEM; N/A: not applicable. *Compared to K-SFM + 1 mM calcium.

until recently has been examination of how these wounds heal themselves as opposed to the resulting effects on
neighboring cells.

Gap junctions and ATP have both been shown to promote intercellular calcium wave propagation'!. Gap
junctions are specialized plasma membrane structures that provide a communication pathway among adjacent
cells, facilitating direct exchange of small molecules (<1000 Da) including ions, metabolites and second messen-
gers (e.g., calcium, glucose, cAMP, cGMP, IP3)!2. Gap junction-mediated communication is important in main-
taining corneal homeostasis, and also plays a vital role in mediating corneal wound healing'*-'. Unlike typical
calcium-wave propagation, gap junctions do not appear to be a conduit for bone cell TPMD-induced calcium
wave propagation. The current study examined the influence gap junctions on corneal keratocyte TPMD-induced
calcium wave propagation.

Activation of plasma membrane calcium channels are a likely source of calcium wave propagation. While
many corneal keratocyte signaling pathways have been previously described (e.g. reviewed in'®'), the only kerat-
ocyte calcium transport pathways described to date are through the TRPV1 and TRPMS channels'®". The role of
these two channels in keratocyte TPMD-induced calcium wave propagation was examined in the current study.

In this study, we demonstrate and describe TPMD-induced calcium signaling within the mouse and human
keratocyte networks. We also demonstrate TPMD-induced calcium waves within any cells residing in their native
tissue for the first time. In addition, this study demonstrates the relationship between keratocyte TPMD-induced
calcium waves, gap junctions, and ATP.

Results
Calcium signaling.  Extracellular calcium. Creation of a single, small TPMD in single keratocytes/stro-
mal cells of all control preparations resulted in large Ca*™; increases in the targeted (source) cells and in many
neighboring cells in a time-dependent fashion (i.e. Ca™* waves; Fig. 1). A summary of all experimental results is
presented in Table 1.

Initial experiments were designed to determine the Ca*™ source of neighboring cell TPMD-induced Ca™*
waves. Cultured corneal stromal cells and keratocytes within cornea rims were examined in K-SFM with or with-
out Ca™* to examine the influence of extracellular calcium. Figure 2a shows representative micrographs of HCSC
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Figure 2. TPMD-induced calcium signaling in primary human corneal stroma cells. (a) Representative images
of Cal-520-AM stained human stroma cells before and after laser-induced TPMD. The TPMD location is shown
as an arrowhead (laser target). K-SFM was used as a Ca™*-free extracellular medium and K-SFM + 1 mM Ca*+
was used as a Ca™* positive control. (b) Number of neighboring cells in the visual field that had at least a 50%
increase in fluorescent intensity following source cell TPMD. (¢) Normalized area under the intensity versus
time curve of neighboring cells with at least a 50% increase in fluorescent intensity. Numbers within bars indicate
TPMD targeted number of cells/number of plates examined. Data presented as mean 4 SE. * indicates P < 0.05.

before and after TPMD under several experimental conditions. It is notable that Ca*t*-free K-SFM significantly
reduced both the human stromal cell responding number (1.3 £0.22) and normalized curve area (9.83% 4 2.56)
when compared to K-SFM + 1 mM calcium (6.16 £ 0.38, 100% =+ 13.39; both P < 0.05) (Fig. 2b,c). Calcium wave
videos corresponding to all of the still photographs in Fig. 2 can be found in Supplemental Videos S1-S5.

Figure 3a demonstrates representative micrographs of MCSC before and after TPMDs. In cultured primary
mouse corneal stromal cells, Ca*™"-free K-SFM resulted in a significantly lower cell number (5.03 £ 0.56) and
normalized curve area (15.57% =+ 2.38) compared to K-SFM + 1 mM calcium (8.86 +0.09 and 100% =+ 6.75,
respectively; P < 0.05) (Fig. 3b,c). Videos corresponding to all of the still photographs in Fig. 3 can be found in
Supplemental Videos S6-S10.

The influence of extracellular calcium on TPMD-induced calcium signaling was also studied in keratocytes
residing in situ within human corneal rim tissue. Our results confirm that TPMD-induced keratocyte calcium
signaling is present within corneal tissue (Fig. 4a). As in the cultured cells, calcium signaling was significantly
reduced in a Ca™"-free extracellular environment (Fig. 4a,b). The mean maximum cell distance between the
source cell and farthest responding cell was 143.43 & 14.28 pm in the Ca**-free K-SFM group vs. 211.57 +13.9
um in the K-SFM + 1 mM calcium group (P < 0.05). Videos corresponding to all of the still photographs in Fig. 4
can be found in Supplemental Videos S11-S12.

Intracellular calcium. K-SFM plus the sarcoplasmic/endoplasmic reticulum Ca™" ATPase inhibitor thapsi-
gargin, or the intracellular Ca*™ release blocker ryanodine, were used to examine the role of intracellular Ca** in
TPMD-induced calcium waves. K-SEM plus the calcium chelator BAPTA-AM was as a positive control to exam-
ine the combined extracellular and intracellular calcium influence on TPMD-induced calcium waves.

In HCSC, K-SFM + thapsigargin significantly reduced both responding cell number (0.10 £ 0.05) and nor-
malized curve area (1.12% £ 0.89) when compared to K-SFM + 1 mM calcium (6.16 +0.38, 100% =+ 13.39; both
P < 0.05) (Fig. 2b,c). K-SFM + ryanodine and K-SFM + BAPTA-AM significantly reduced both the human
stromal cell responding number (K-SFM + ryanodine: 0.76 +0.15; K-SFM + BAPTA-AM: 0.00 £ 0.00) and
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Figure 3. TPMD-induced calcium signaling in primary mouse corneal stroma cells. (a) Representative images
of Cal-520-AM stained mouse stroma cells before and after laser-induced TPMD. The TPMD location is shown
as an arrowhead. K-SFM used as a Ca*™"-free extracellular medium and K-SFM 4 1 mM Ca*™* was used as a
Ca** positive control. (b) Number of neighboring cells in the visual field that had at least a 50% increase in
fluorescent intensity following source cell TPMD. (¢) Normalized area under the intensity versus time curve of
neighboring cells that had at least a 50% increase in fluorescent intensity. Numbers within bars indicate TPMD
targeted number of cells/number of plates examined. Data presented as mean + SE. " indicates P < 0.05.

normalized curve area (K-SFM + ryanodine: 8.06% =+ 2.1; K-SFM + BAPTA-AM: 0.00% =+ 0.00) when compared
to K-SFM + 1 mM calcium (4.73 £ 0.37 and 100% + 9.69, respectively; P < 0.05) (Fig. 2b,c).

In MCSC, K-SFM + thapsigargin significantly reduced both responding cell number (1.36 4 0.27) and nor-
malized curve area (17.38% = 4.87) when compared to K-SFM + 1 mM calcium (8.86 +0.09 and 100% +6.75,
respectively; P < 0.05) (Fig. 3b,c). K-SFM + BAPTA-AM significantly reduced both cell number (0.06 £ 0.06)
and normalized curve area (0.25% =+ 0.25) when compared to K-SFM + 1 mM calcium (5.06 £ 0.49, 100% + 16.17,
respectively; P < 0.05). K-SFM + ryanodine also significantly reduced normalized curve area (45.81% + 5.74,
P < 0.05), but interestingly, it increased cell number (6.6 £ 0.48, P < 0.05) when compared to K-SFM 4+ 1 mM
calcium (Fig. 3b,¢).

The influence of intracellular calcium on TPMD-induced calcium signaling was also studied in keratocytes
residing within human corneal rim tissue. Thapsigargin did not significantly reduce the cell distance in stro-
mal keratocytes (151.20 = 30.45 pm in DMEM controls vs. 85.74 +13.63 um in the thapsigargin group) (Fig. 5).
Videos corresponding to all of the still photographs in Fig. 5 can be found in Supplemental Videos S13-S14.
Thapsigargin added to K-SFM did significantly reduce the cell distance (52.26 + 1.80 pm in K-SFM + thapsigargin
vs 211.58 +13.90 um in K-SEM + 1 mM calcium; P < 0.05).

Influence of gap junctions. To confirm the presence of gap junctions in HCSC and MCSC, Cx43 immu-
nofluorescence staining was performed. Figure 6 demonstrates the presence of Cx43 at the cell junctions of both
HCSC and MCSC.

The influence of gap junctions on TPMD-induced calcium signaling was examined using the gap junction
blocker 18a-GA. In primary human corneal stromal cells, there was no significant difference between DMEM
controls and 18a-GA treated cells in either the cell number or the normalized curve area (4.00 &= 0.45 vs.
3.07+£0.38 and 100% = 16.99 vs. 93.33% =+ 18.13, respectively) (Fig. 7b,c). Videos corresponding to all of the still
photographs in Fig. 7 can be found in Supplemental Videos S15-S20.

In primary mouse corneal stromal cells, there was also no significant difference in the cell number between
DMEM controls and 18a-GA treated cells (5.65 & 0.55 versus 6.63 & 0.42, respectively). There was, however,
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Figure 4. Ca*t*-free K-SFM reduces TPMD-induced keratocyte calcium signaling in ex vivo human corneal
rims. (a) Representative images of Cal-520-AM stained keratocytes within ex vivo human corneal rims bathed
in Ca**-free K-SFM and K-SFM + Ca** before and after laser-induced TPMD. The TPMD location is shown
as an arrowhead. The neighboring cell farthest from the source cell with a notable change in fluorescence was
noted (white circle) and the distance from the source cell was measured. The mean maximum distance of
approximately 10 target source cells from each rim was calculated and used for statistics analysis. (b) Ca™*-free
K-SFM versus K-SFM + Ca** cell distance. Numbers within bars indicate TPMD targeted number of cells/
number of rim. Data presented as mean + SE. " indicates P < 0.05.
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Figure 5. No effect of sarcoplasmic reticulum Ca** ATPase inhibition on TPMD-induced keratocyte calcium
signaling in ex vivo human corneal rims. (a) Representative images of Cal-520-AM stained keratocytes within
ex vivo human corneal rims bathed in DMEM and DMEM + thapsigargin (1 uM for 1h) before and after laser-
induced TPMD. The TPMD location is shown as an arrowhead. The neighboring cell farthest from the source
cell with a notable change in fluorescence was noted (white circle) and the distance from the source cell was
measured. The mean maximum distance of approximately 10 target source cells from each rim was calculated
and used for statistics analysis. (b) DMEM versus DMEM —+ thapsigargin cell distance. Numbers within bars
indicate TPMD targeted number of cells/number of rim. Data presented as mean = SE.

a significant decrease in the normalized curve area of control versus 18-GA treated cells (100% =+ 13.48 vs
38.96% +4.06; P < 0.05) (Fig. 8b,c). Videos corresponding to all of the still photographs in Fig. 8 can be found in
Supplemental Videos S21-S26. In human corneal rim tissue compared to DMEM, 18a-GA significantly reduced
the cell distance (117.71 £12.13 pm vs. 68.92 £ 7.22 pm, respectively; P < 0.05) (Fig. 9). Videos corresponding to
all of the still photographs in Fig. 9 can be found in Supplemental Videos $27,528.

Influence of extracellular ATP.  The influence of extracellular ATP, presumably released by the source cell,
on TPMD signaling was analyzed using apyrase, a potent hydrolyzer of ATP. In primary human corneal stromal
cells, both the cell number and the normalized curve area were significantly reduced following apyrase treatment
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Figure 6. Gap junction Cx43 immunofluorescence staining. Representative immunostain images demonstrate
the presence of Cx43 (white arrows) at the cell junctions of primary (a) human and (b) mouse corneal stromal
cells.

(5.40£0.58 vs. 3.66 = 0.22 and 100% = 13.94 vs. 64.04% £ 10.06, respectively; P < 0.05) (Fig. 7b,c). In primary
mouse corneal stromal cells, apyrase had no effect on either the cell number or the curve area (6.07 - 0.42 vs.
4.97 £0.39 and 100% 4= 10.72 vs. 148.96% =+ 25.59, respectively) (Fig. 8b,c).

Influence of TRPV1and TRPM8. The influence of the extracellular vanilloid receptors TRPV1 and TRPM8
on TPMD signaling was analyzed using AMG 9810 and AMTB which are selective antagonist for TRPV1 and
TRPMS, respectively, and BCTC, a an inhibitor of both channel subtypes. In primary human corneal stromal
cells, BCTC had no effect on either the cell number or normalized curve area when compared to DMEM controls
(4.27£0.42 vs. 3.83£0.33 and 100% £ 11.72 vs. 75.97% =+ 8.19, respectively) (Fig. 7b,c). AMG 9810 and AMTB
also had no effect on either the cell number or normalized curve area (4.16 +-0.31, 80.1% =+ 7.49; 6.43 £+ 0.37,
108.17% =+ 9.76, respectively) when compared to DMEM controls (5.23 £0.41, 100% =+ 8.65) (Fig. 7b,c).

In primary mouse corneal stromal cells, BCTC had no effect on the cell number or curve area when compared
to DMEM controls (6.77 £ 0.39 vs. 6.90 = 0.42 and 100% = 13.46 vs. 127.25% =+ 18.59, respectively) (Fig. 8b,c).
AMG 9810 reduced the cell number (5.5 £ 0.36, P < 0.05) when compared to DMEM controls (7.1 +0.3), but
had no effect on the normalized curve area (100% = 9.38 vs. 71.35% =+ 8.63) (Fig. 8b,c). AMTB had no effect on
either the cell number or normalized curve area when compared to DMEM controls (7.1 + 0.3 vs 5.93 - 0.44;
100% = 9.38 vs. 95.55% =+ 8.97, respectively) (Fig. 8b,c). In human corneal rim tissue, BCTC had no effect on the
mean cell distance (180.31 + 19.27 pm vs. 180.25 4 18.11 um).

Cornea rubbing. Figures 10 and 11 demonstrate that moderate cornea rubbing in human corneal rims and
mouse corneas, respectively, results in dextran-labelled dye entry into living cells, indicative of keratocyte TPMD
formation. More aggressive rubbing resulted in TPMDs but also resulted in some cell death. These results confirm
that TPMDs do indeed occur in keratocytes living within corneas following mechanical trauma.

Discussion

The corneal stroma harbors an abundance of quiescent keratocytes that form a cellular network interconnected
via gap junctions and numerous intercellular signaling pathways. Keratocyte cell signaling has previously been
studied following major disruptions to the different cell types of the cornea or the cornea itself. Transient plasma
membrane disruption (TPMD), also referred to as a membrane tear, is a common form of injury to individual
cells that can be created by physiological mechanical loading. In the cornea, such physiological loading could
theoretically be applied through an act as simple as eye rubbing, or as extreme as corneal wounding during cat-
astrophic injury. The purpose of this study was to determine if TPMD in a single keratocyte can trigger calcium
signaling events in neighboring keratocytes.

Calcium waves have previously been reported in corneal epithelial and endothelial cells?*-?’. Trinkaus-Randall’s
group have found purinergic signaling to be critical for calcium wave initiation and propagation in corneal epi-
thelial cells, with significant input from corneal nerves??*-?’. Importantly, corneal epithelium calcium waves
could be initiated by mechanical injury, with 200-400 pm wounds in culture dishes being created using an Argon
laser under a confocal microscope?!. Gap junctions do not appear to be involved in corneal epithelial calcium
wave propagation®*. Corneal epithelial calcium waves appear to support reepithelization after corneal injury?.

Corneal endothelial cells show early-and late-responding calcium waves?2. The early waves can be initiated
via mechanical stimulation by deforming the membrane of a single cell with a micropipette, and these waves are
propagated through purinergic signaling and gap junctions®*?*. Late-responding calcium waves in the corneal
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Figure 7. The influence of TRPV1, TRPMS, gap junctions and ATP on TPMD-induced calcium signaling in
primary human corneal stromal cells. (a) Representative images of Cal-520-AM stained human stroma cells
bathed in DMEM and DMEM plus indicated treatments before and after laser-induced TPMD. The TPMD
location is shown as an arrowhead. DMEM was used as control. (b) Number of neighboring cells in the visual
field that had at least a 50% increase in fluorescent intensity following source cell TPMD. (c¢) Normalized

area under the intensity versus time curve of neighboring cells that had at least a 50% increase in fluorescent
intensity. Numbers within bars indicate TPMD targeted number of cells/number of plates examined. Data
presented as mean + SE. " indicates P < 0.05.

endothelium occur around an hour after the fast wave, and are related to cell depolarization associated with
sodium transport??. Endothelial calcium waves appear to play a role in preventing apoptosis®. It should be noted
that corneal epithelial and endothelial cells are histologically classified as epithelial cell types, while corneal kerat-
ocytes are classified as fibroblasts. Corneal epithelium is embryonically derived from surface ectoderm, while
keratocytes and endothelium are neural crest-derived. Each cell type has a very different group of ion channels
and transporters. The current study is the first to demonstrate TPMD-induced calcium waves in fibroblast-type
cells.

TRPV1 and TRPMS are the only calcium transporters identified in keratocytes to date'®!®, and no studies have
examined cell to cell calcium signaling in keratocytes. In order to accurately analyze TPMD-induced calcium
signaling, we chose to examine several parameters in human and mouse cultured stromal cells, and in keratocytes
within human corneal rims. In cultured cells we counted the number of cells demonstrating an increase in Ca**;
following source cell TPMD to represent the general spread of the response. We measured the area under the
fluorescence intensity vs. time curve of the responding cells to demonstrate the magnitude and time course of the
response. We chose a threshold of >50% change in fluorescence (from baseline) to capture definitive changes in
Ca*™,. Examining a threshold of 25% resulted in very similar, although not identical results.

Ours is the first study to report and measure TPMD-induced calcium waves in cells residing within any tissue.
We were limited in our ability to quantify the response within human corneal stromas, and thus chose to measure
the farthest distance between the source cell and a peripheral cell with a clearly changing Ca™*; within the visual
field. A small confocal pinhole size was utilized to create a thin focal plane. The X-Y field of view typically covered
the entire area of the calcium wave. The microscope does not have the temporal resolution to do calcium imaging
over a large area in the z plane, which would be required to look at 3D dye spread. For this reason, we intention-
ally limited imaging, to the best of our ability, to the focal plane of the source cell.
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Figure 8. The influence of TRPV1, TRPMS, gap junction and ATP on TPMD-induced calcium signaling in
primary mouse corneal stromal cells. (a) Representative images of Cal-520-AM stained mouse stroma cells
bathed in DMEM and DMEM plus indicated treatments before and after laser-induced TPMD. The TPMD
location is shown as an arrowhead. DMEM was used as control. (b) Number of neighboring cells in the visual
field that had at least a 50% increase in fluorescent intensity following source cell TPMD. (c) Normalized

area under the intensity versus time curve of neighboring cells that had at least a 50% increase in fluorescent
intensity. Numbers within bars indicate TPMD targeted number of cells/number of plates examined. Data
presented as mean + SE. " indicates P < 0.05.

It is clear that extracellular calcium plays a significant role in the neighboring cell Ca™™; response in both
human and mouse cells and in resident human keratocytes (Table 1, Figs. 2, 3, 4). The TPMD-induced Ca*™;
response was reduced in all calcium-free medium trials. For the human cell tissue study, thapsigargin treatment
resulted in a reduced Ca™*, response, although the difference was not significant. These experiments were ade-
quately powered to see a significant difference. Taken together with the calcium-free medium response, it appears
that the TPMD-induced mouse neighboring cell calcium response is dependent on both intra- and extracellu-
lar calcium. The only treatment that affected significantly Ca*™; in both cultured and stromal human cells was
Ca™*-free K-SFM. This would indicate that the response in human cells is more sensitive to extracellular calcium.

As expected, all trials showed a significant reduction of the Ca™; signal following addition of thapsigargin
and ryanodine to K-SFM. Interestingly, ryanodine reduced the curve area in MCSC, but increased the corre-
sponding cell number. This may reflect a lower dependence of internal Ca™™; stores as the source of calcium for
TPMD-induced calcium waves. This result may also reflect the more sensitive nature of the curve area measure-
ment versus the cell number measurement. The calcium chelator BAPTA-AM, which served as a positive control
for these studies, exerted a powerful role by completely inhibiting calcium signaling in HCSC and MCSC.

In examining the pattern of Ca™™; increases in cells distributed across the visual field, it was not always clear
that responding cells had an obvious physical connection to the source cell or other responding cells. This raised
the question about whether or not gap junctions were involved in propagating the response between cells. There
is a close relationship between gap junctions and Ca*™. In some cells, a damage-induced increase of Ca™ rap-
idly closes gap junctions, leading to isolation of healthy cells from damaged neighbors®®. Alternatively, we have
reported that elevated Ca™ increases gap junction connectivity between corneal epithelial cells®. In astrocytes,
mechanically-induced Ca™™ ion increases and their subsequent propagation to neighboring cells were found
to have two distinct patterns: (1) persistent increases were found to propagate rapidly via gap junctions in the
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Figure 9. Blocking gap junctions reduces TPMD induced calcium signaling in ex vivo human corneal rims.

(a) Representative images of Cal-520-AM stained keratocytes within ex vivo human corneal rims bathed in
DMEM and DMEM + 18a-GA (30 uM for 1h) before and after laser-induced TPMD. The TPMD location is
shown as an arrowhead. The neighboring cell farthest from the source cell with a notable change in fluorescence
within the visual field was noted (white circle) and the distance from the source cell was measured. The mean
maximum distance of approximately 10 target source cells from each rim was calculated and used for statistics
analysis. (b) DMEM versus DMEM + 18a-GA cell distance. Numbers within bars indicate TPMD targeted
number of cells/number of rim. Data presented as mean =+ SE. * indicates P < 0.05.
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Figure 10. Human corneal rims were rubbed 30 times with a cotton tipped swab to create TPMDs, or 45 times
as a positive control for cell death. White arrows point to PI positive dead cells.

proximal region, and (2) transient increases were found to propagate slowly via extracellular ATP in the distal
region'!. It has also been reported that forced expression of gap junction connexins successfully enables gap
junction-deficient cell lines to propagate intercellular Ca*™" waves, stimulating secretion of ATP 5- to 15- fold
from the cells*. The authors of that study concluded that connexins regulate Ca™** signaling by controlling ATP
release.

We have previously demonstrated that functional gap junctions exist in human keratocytes within intact cor-
neas’, and the presence of Cx43 has been previously reported in cultured human corneal fibroblasts®'. We con-
firmed that the primary human keratocytes used in this study contained junctional Cx43 by immunostaining. To
determine if gap junctions were propagating the TPMD-induced calcium waves in keratocytes, we used 18a-GA,
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Figure 11. Mouse corneas on intact eyes were rubbed 15 times with a cotton tipped swab to create TPMDs,
or 60 times with a hard rounded tip instrument as a positive control for cell damage. White arrows point to PI
positive dead cells.

a gap junction communication inhibitor, to disrupt the gap junction pathway between the TPMD targeted source
cell and neighboring cells. In human rim tissue, 18a-GA reduced the calcium signaling maximum distance, but
no change was found in HCSC. In MCSC, the curve area was reduced by 18a-GA, while the cell number was
unchanged. The difference between human cultured cells and tissue might indicate a more prominent role for
gap junctions in relaying the TPMD signal between cells in tissue than in cell culture. Combined with the lack of
a cultured human cell response to 18a-GA, the fact that only the curve area was affected in mouse cells indicates
that gap junctions likely play only a minor role in communicating the TPMD signal in cultured stromal cells.
More detailed studies will need to be conducted to confirm these results.

ATP has been shown to act as a primary signaling molecule directing cell to cell TPMD-induced calcium
waves in osteocytes’. It was recently reported that the production and release of extracellular vesicles rich in ATP
is facilitated by intracellular calcium release in osteocytes™. As described above, ATP has also been reported to
control peripheral calcium wave propagation in astrocytes. In sea urchin embryos, membrane wounding evoked
intracellular calcium ion spikes in neighboring cells, and this phenomenon was mimicked by application of ATP
and inhibited by apyrase®. ATP efflux is observed in both paracrine and autocrine signaling. Secreted ATP binds
to cell surface P2X and/or P2Y purinergic receptors, consequently activating voltage-gated calcium ion channels.
Calcium channel activation leads to a calcium ion influx which can, in some cells, activate the PLC-IP3 pathway,
producing calcium release from intracellular calcium ion stores**!. Looking at TPMD repair, a recent study in
bone cells by Mikolajewicz et al.® demonstrated that mechanical stresses induced reversible cell membrane injury
that resulted in ATP release to the extracellular space, and that ATP-rich vesicles were critical to patching the
cell membrane wound. The vesicle release was Ca2+/PLC/PKC-dependent. To examine the influence of ATP in
directing keratocyte calcium waves, keratocytes were treated with apyrase. In the present study, apyrase reduced
both the cell number and curve area in HCSC (rim tissue was not tested), but did not affect MCSC. These results
further demonstrate a species-dependent signaling response following TPMD, as well as a major difference in the
TPMD signaling responses between keratocytes and osteocytes and oocytes.

Transient receptor potential (TRP) channels are non-selective cation channels with variable calcium ion selec-
tivity. The plasma membrane TRPV1 and TRPMS receptors are highly permeable to calcium, and are the only
calcium transporters described to date in keratocytes'®. To determine if TRPV1 or TRPMS are involved in the
keratocyte TPMD-induced calcium wave response, AMG 9810, a selective antagonist for TRPV1, AMTB, a selec-
tive antagonist for TRPM8, and BCTC, an antagonist of both the TRPV1 and TRPMS8 channels, were applied to
cultured human and mouse stromal cells. In MCSC, AMG 9810 resulted in a small but significant reduction in
the cell number measurement, but had no effect on the curve area. No other measurements were affected by the
TRP inhibitors. Taken together, this indicates that TRPV1 and TRPMS do not play a role in the regulation of
TPMD-induced keratocyte calcium signaling in HCSC, while TRPV1 may play a small role in MCSC signaling.

Cornea rubbing experiments confirmed that TPMDs do indeed occur in keratocytes following minor mechan-
ical manipulation. It was notable that it took a relatively small amount of rubbing to create TPMD in resident
keratocytes versus very serious rubbing to initiate keratocyte cell death in both the human and mouse corneas.

In conclusion, this study is the first to describe TPMD and TPMD-induced calcium signaling in corneal
keratocytes. It is also the first to describe ATP-mediated calcium signaling and the involvement of intracellular
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calcium signaling in keratocytes. It is clear that both intracellular and extracellular calcium are involved in the
response, and that gap junctions and ATP play important roles in transmitting the signal from the source cell
to neighboring cells and between neighboring cells. TRPV1 and TRPMS8 do not appear to be involved in the
response. The TPMD-induced signaling pathways are species dependent, and possibly culture versus tissue
dependent. Given that keratocyte TPMD is likely a common occurrence following eye rubbing, in dry eye, and
following corneal trauma, the TPMD-induced signaling response is likely a normal aspect of corneal physiology
and pathophysiology.

Materials and Methods

Reagents. Active reagents and the concentrations used were selected from previous TPMD literature
and from the TRP channel literature®®. AMG 9810, AMTB, ryanodine, BAPTA-AM, 18-« glycyrrhetinic acid
(18-GA), apyrase and DAPI were purchased from Sigma-Aldrich, St. Louis, MO; thapsigargin, BCTC, and
Cal-520-AM dye were purchased from Abcam, Cambridge, United Kingdom, Focus Biomolecules, Plymouth
Meeting, PA, and AAT Bioquest, Sunnyvale, CA, respectively. Polyclonal connexin 43 antibody was purchased
from Cell Signaling, Danvers, MA; Alexa Fluor 488 was purchased from Fisher, Pittsburgh, PA. Ca*"-free
Keratinocyte-SFM medium (K-SFM) was purchased from ThermoFisher Scientific (Cat. No.: 10725-018),
Waltham, MA.

7,35-37

Isolation and cultivation of primary corneal stromal cells. Primary human corneal stromal cells were
isolated and cultured from de-identified human corneal rim tissue* provided by local ophthalmologists. Briefly,
fresh human corneal rim tissue was washed with PBS and the epithelial and endothelial layers were removed from
the rim under a dissection microscope. The corneal tissue was dissected from the sclera, and corneal tissue was
cut into small pieces of about 0.5 x 0.5 mm. After overnight digestion of the corneal tissue in Dulbecco’s modified
Eagle’s medium (DMEM) (ThermoFisher Scientific, Waltham, MA) containing collagenase (Sigma, St. Louis,
MO) (300 pg/ml, 37 °C), the dissolved materials were collected and centrifuged at 1400 g for 2 min. The resulting
pellet was re-suspended in 1.5ml DMEM, 10% fetal bovine serum (FBS) (HyClone, Pittsburgh, PA), gentamicin
(ThermoFisher Scientific, Waltham, MA), insulin-transferrin-selenium (ITS) (ThermoFisher Scientific, Waltham,
MA), and cultured on a 35 mm plate (Fisher Scientific, Waltham, MA) in a humidified incubator at 37°C, 5%
CO,. Confluent cells were passaged using trypsin/EDTA (Sigma-Aldrich, St. Louis, MO). Use of the donor tissue
was in accordance with the Declaration of Helsinki. This study was deemed exempt by the Augusta University
IRB committee.

Informed consent was obtained from all donors or their families in accordance with tissue donation protocols.

Isolation and culture of primary mouse corneal stromal cells from 4 week old C57BL/6 mouse were performed
as above. The culture medium was replaced with fresh DMEM medium containing 10% FBS every 2 days. Cells
of passages 3-6 were used in this study. Cells were routinely screened using PCR for the presence of the corneal
stromal cell-specific marker thy-1°%. All protocols for animal use and euthanasia were reviewed and approved
by the Augusta University Institutional Animal Care and Use Committee and followed the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research.

Immunofluorescence staining. Primary human and mouse corneal stromal cells (HCSC and MCSC,
respectively) were fixed in cold 4% paraformaldehyde for 10 min followed by washing in phosphate buffer. Cells
were incubated in goat serum (10% in phosphate buffer or PBS) for 60 min, washed in 0.1% Triton X-100/PBS,
and exposed overnight to anti-connexin 43 (Cx43; 1:200). After rinsing with 0.1% Triton X-100/PBS, cultures
were exposed to secondary antibody conjugated to Alexa Fluor 488 (1:1000) for 1h and washed in 0.1% Triton
X-100/PBS. DAPI was added to each slide with mounting medium. Slides were examined using a Zeiss LSM 780
upright laser-scanning confocal microscope equipped with ZEN lite software.

Laser wounding and calcium signaling in cultured corneal stromal cells. HCSC and MCSC
were seeded onto 35 mm plates 24 h prior to experiments and stained with the calcium indicator Cal-520-AM
(0.25uM) as described*!. Various treatments were introduced 1 hour before the membrane disruption procedure:
thapsigargin (1 pM; sarco/endoplasmic reticulum Ca®* ATPase inhibitor); ryanodine (50 uM; sarco/endoplasmic
reticulum Ca™*™ release blocker); BAPA-AM (50 uM; membrane permeable calcium chelator); 18a-GA (30 pM;
gap junction inhibitor); apyrase (30 min) (10 units/ml; catalyzes hydrolysis of ATP); BCTC (10 p.M; TRPV1 and
TRPMBS receptor antagonist); AMG 9810 (30 min) (10 uM; selective TRPV1 antagonist); AMTB (30 min) (10
uM; selective TRPMS antagonist). Cells in DMEM medium were used as controls. Ca**-free Keratinocyte-SFM
medium (K-SFM; ThermoFisher Scientific, Cat. No.: 10725-018) was used as the Ca**-free medium with K-SFM
plus I mM Ca** used as the Ca*™" control. Cells were in the calcium-free KSFM for 15 min. minutes before the
experiment started, and experiments typically took 30 min. For cell culture experiments, the same culture passage
was used to compare control and experimental groups.

Single TPMDs were produced in Cal-520-AM pre-stained corneal stromal cells using a Zeiss 780 upright
multi-photon microscope, using a procedure slightly modified from that described previously by one of the
authors (MML)°. Briefly, an 820 nm laser was used to produce a TPMD in a single targeted cell using the micro-
scope’s single-time bleaching setting. A circular 9 pm diameter region was targeted on the cell and a single 100%
power pulse created the damage. Cal-520-AM fluorescence was visualized and recorded for 50 seconds under a
20x objective (Zeiss W Plan-Apochromat N.A. =1, working distance = 2.4 mm) using a 488 nm laser. A series of
50 scans was performed at a scan speed of 1 scan/second.

5-10 source cells per culture plate in isolated fields of view were separately targeted for TPMD. The fluo-
rescence intensity of other cells within that field of view that had a notable increase in fluorescent intensity was
measured using ZEN 2.1 software by manually tracing those cells and measuring the fluorescent intensity of each
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cell over the time course of the trial. For the final analysis, only cells that increased their baseline fluorescent
intensity by a minimum of 50% were considered positive responders. Both the number of positively responding
neighboring cells (cell number) and the area under the fluorescence intensity versus time curve (curve area) of
responding cells, which takes into account both the change in Ca*™ concentration along with the duration of that
change, were measured. Curve area values were normalized to control for comparisons. The baseline-corrected
curve area was calculated using the formula Area=>" (I, +1,)/2*(T,,, — T,), where, I: fluorescent intensity, T:
time. Each experiment included at least 3 plates.

Laser wounding and calcium signaling in fresh human corneal tissue. For all trials except the
K-SFM + thapsigargin trial, human keratoplasty corneal rims were divided in half; one half was used as the
DMEM control and the other half used for treatment. The rims treated with K-SFM + thapsigargin were com-
pared to unmatched rims in K-SFM + 1 mM calcium. Cal-520-AM staining and drug treatments were performed
as described above. After washing with PBS, the corneal tissue was pinned onto a silicone pad within a 35 mm
plate with the endothelium surface facing up. The 820 nm laser was used to produce a TPMD in a single targeted
cell using the microscope’s multiple-time bleaching setting. The bleaching region was set as above with 100%
power, with repeated bleaching after every 3 scans. The confocal pinhole setting was set to 1.26 Airy units, cor-
responding to a 1.80 um optical section, to minimize out of focal plane cell imaging. All scan settings were set as
above.

Image resolution limitations prevented us from using the same measurements used in the cultured cell studies.
Instead, for these experiments, the neighboring cell farthest from the source cell with a notable change in fluores-
cence within the visual field was noted, and the distance from the source cell to that cell to was measured (cell dis-
tance). The mean maximum distance from approximately 10 targeted source cells per rim section was calculated
and used for statistical analysis. The mean maximum cell distance was compared between DMEM control groups
and treatment groups. Assays were repeated in at least 3 rims per experimental group.

TPMD after cornea rubbing. TPMDs have never been shown in cells residing within their native tissue. To
determine if keratocyte TPMDs can occur as a result of the equivalent of eye rubbing, mice were sacrificed and a
mixture of fluorescein-labelled dextran (10kDa, 0.5 mg/ml) and propidium iodide (PI, Sigma-Aldrich, St. Louis,
MO) (0.5 mg/ml) was injected into the anterior chamber. Corneas were then rubbed 30 times with a cotton-tipped
swab using moderate pressure to mimic moderate and heavy eye rubbing*>*. For positive controls of cell damage/
death, corneas were rubbed 60 times with the rounded bottom end of a scalpel. We determined that this relatively
extreme method was required to fatally damage cells using this method. Corneas were then isolated, fixed in 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), stained with DAPI (Santa Cruz Biotechnology,
Dallas, TX), and mounted on a microscope slide for multiphoton fluorescence imaging. FITC-dextran can only
label cells that have a membrane disruption, while PI stains the nuclei of dead cells, providing a view of which
cells had FITC-dextran staining as a result of TPMDs, and which as a result of plasma membrane disruption
following cell death. Human corneal rim tissue was subjected to rubbing with a cotton-tipped swab. The same
FITC-dextran/PI mixture was added to DMEM in a cell culture dish, the rim was rubbed 0, 30 and 45 times, and
the cornea was fixed, stained with DAPI and imaged as above. This protocol was modeled after the mechanical
injury (glass beads) protocol described in’.

Statistical analysis. All data are provided as the mean =+ SE of at least three experiments. The difference
between the DMEM control groups and treatment groups was compared using the Student’s t-test (GraphPad
Prism 7.0), where P < 0.05 was considered statistically significant.

Data availability

The datasets generated during in this study are available from the corresponding author on reasonable request.

Received: 18 July 2019; Accepted: 31 January 2020;
Published online: 18 February 2020

References

1. Ueda, A, Nishida, T., Otori, T. & Fujita, H. Electron-microscopic studies on the presence of gap junctions between corneal
fibroblasts in rabbits. Cell Tissue Res 249, 473-475 (1987).

2. Spanakis, S. G., Petridou, S. & Masur, S. K. Functional gap junctions in corneal fibroblasts and myofibroblasts. Invest Ophthalmol Vis
Sci 39,1320-1328 (1998).

3. Watsky, M. A. Keratocyte gap junctional communication in normal and wounded rabbit corneas and human corneas. Invest
Ophthalmol Vis Sci 36, 2568-2576 (1995).

4. Petridou, S. & Masur, S. K. Immunodetection of connexins and cadherins in corneal fibroblasts and myofibroblasts. Invest
Ophthalmol Vis Sci 37, 1740-1748 (1996).

5. Grembowicz, K. P,, Sprague, D. & McNeil, P. L. Temporary disruption of the plasma membrane is required for c-fos expression in
response to mechanical stress. Mol Biol Cell 10, 1247-1257, https://doi.org/10.1091/mbc.10.4.1247 (1999).

6. Miyake, K., Tanaka, T. & McNeil, P. L. Disruption-induced mucus secretion: repair and protection. PLoS Biol 4, €276, https://doi.
org/10.1371/journal.pbio.0040276 (2006).

7. Yu, K. et al. Mechanical loading disrupts osteocyte plasma membranes which initiates mechanosensation events in bone. J Orthop
Res 36, 653-662, https://doi.org/10.1002/jor.23665 (2018).

8. Mikolajewicz, N., Zimmermann, E. A., Willie, B. M. & Komarova, S. V. Mechanically stimulated ATP release from murine bone cells
is regulated by a balance of injury and repair. Elife 7, https://doi.org/10.7554/eLife.37812 (2018).

9. Howard, A. C., McNeil, A. K. & McNeil, P. L. Promotion of plasma membrane repair by vitamin E. Nat Commun 2, 597, https://doi.
org/10.1038/ncomms1594 (2011).

10. Arun, S. N. et al. Cell wounding activates phospholipase D in primary mouse keratinocytes. ] Lipid Res 54, 581-591, https://doi.

org/10.1194/j1r.M027060 (2013).

SCIENTIFIC REPORTS |

(2020) 10:2840 | https://doi.org/10.1038/s41598-020-59570-7


https://doi.org/10.1038/s41598-020-59570-7
https://doi.org/10.1091/mbc.10.4.1247
https://doi.org/10.1371/journal.pbio.0040276
https://doi.org/10.1371/journal.pbio.0040276
https://doi.org/10.1002/jor.23665
https://doi.org/10.7554/eLife.37812
https://doi.org/10.1038/ncomms1594
https://doi.org/10.1038/ncomms1594
https://doi.org/10.1194/jlr.M027060
https://doi.org/10.1194/jlr.M027060

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Fujii, Y., Maekawa, S. & Morita, M. Astrocyte calcium waves propagate proximally by gap junction and distally by extracellular diffusion
of ATP released from volume-regulated anion channels. Sci Rep 7, 13115, https://doi.org/10.1038/541598-017-13243-0 (2017).

Solan, J. L. & Lampe, P. D. Spatio-temporal regulation of connexin43 phosphorylation and gap junction dynamics. Biochim Biophys
Acta Biomembr 1860, 83-90, https://doi.org/10.1016/j.bbamem.2017.04.008 (2018).

Kowtharapu, B. S., Murin, R., Junemann, A. G. M. & Stachs, O. Role of Corneal Stromal Cells on Epithelial Cell Function during
Wound Healing. Int ] Mol Sci 19, https://doi.org/10.3390/ijms19020464 (2018).

Grupcheva, C. N. et al. Improved corneal wound healing through modulation of gap junction communication using connexin43-
specific antisense oligodeoxynucleotides. Invest Ophthalmol Vis Sci 53, 1130-1138, https://doi.org/10.1167/iovs.11-8711 (2012).
Lu, X. & Watsky, M. A. Effects of vitamin D receptor knockout on cornea epithelium gap junctions. Invest Ophthalmol Vis Sci 55,
2975-2982, https://doi.org/10.1167/iovs.13-13788 (2014).

Wilson, S. E., Marino, G. K., Torricelli, A. A. M. & Medeiros, C. S. Injury and defective regeneration of the epithelial basement
membrane in corneal fibrosis: A paradigm for fibrosis in other organs? Matrix Biol 64, 17-26, https://doi.org/10.1016/j.
matbio.2017.06.003 (2017).

Saika, S., Yamanaka, O., Okada, Y. & Sumioka, T. Modulation of Smad signaling by non-TGFbeta components in myofibroblast
generation during wound healing in corneal stroma. Exp Eye Res 142, 40-48, https://doi.org/10.1016/j.exer.2014.12.015 (2016).
Yang, Y. et al. Functional TRPV1 expression in human corneal fibroblasts. Exp Eye Res 107, 121-129, https://doi.org/10.1016/j.
exer.2012.11.004 (2013).

Turker, E. et al. Vascular Endothelial Growth Factor (VEGF) Induced Downstream Responses to Transient Receptor Potential
Vanilloid 1 (TRPV1) and 3-Iodothyronamine (3-T1AM) in Human Corneal Keratocytes. Front Endocrinol (Lausanne) 9, 670,
https://doi.org/10.3389/fendo.2018.00670 (2018).

D’Hondt, C., Himpens, B. & Bultynck, G. Mechanical stimulation-induced calcium wave propagation in cell monolayers: the
example of bovine corneal endothelial cells. J Vis Exp, 50443, https://doi.org/10.3791/50443 (2013).

Boucher, I, Rich, C,, Lee, A., Marcincin, M. & Trinkaus-Randall, V. The P2Y2 receptor mediates the epithelial injury response and
cell migration. Am ] Physiol Cell Physiol 299, C411-421, https://doi.org/10.1152/ajpcell.00100.2009 (2010).

Chifflet, S. et al. Early and late calcium waves during wound healing in corneal endothelial cells. Wound Repair Regen 20, 28-37,
https://doi.org/10.1111/j.1524-475X.2011.00749.x (2012).

Justet, C., Chifflet, S. & Hernandez, J. A. Calcium Oscillatory Behavior and Its Possible Role during Wound Healing in Bovine
Corneal Endothelial Cells in Culture. Biomed Res Int 2019, 8647121, https://doi.org/10.1155/2019/8647121 (2019).

Klepeis, V. E., Cornell-Bell, A. & Trinkaus-Randall, V. Growth factors but not gap junctions play a role in injury-induced Ca2+
waves in epithelial cells. J Cell Sci 114, 4185-4195 (2001).

Lee, A. et al. Hypoxia-induced changes in Ca(2+) mobilization and protein phosphorylation implicated in impaired wound healing.
Am ] Physiol Cell Physiol 306, C972-985, https://doi.org/10.1152/ajpcell.00110.2013 (2014).

Minns, M. S,, Teicher, G., Rich, C. B. & Trinkaus-Randall, V. Purinoreceptor P2X7 Regulation of Ca(2+) Mobilization and
Cytoskeletal Rearrangement Is Required for Corneal Reepithelialization after Injury. Am ] Pathol 186, 285-296, https://doi.
org/10.1016/j.ajpath.2015.10.006 (2016).

Minns, M. S. & Trinkaus-Randall, V. Purinergic Signaling in Corneal Wound Healing: A Tale of 2 Receptors. ] Ocul Pharmacol Ther
32, 498-503, https://doi.org/10.1089/jop.2016.0009 (2016).

Peracchia, C. Chemical gating of gap junction channels; roles of calcium, pH and calmodulin. Biochim Biophys Acta 1662, 61-80,
https://doi.org/10.1016/j.bbamem.2003.10.020 (2004).

Williams, K. K. & Watsky, M. A. Dye spread through gap junctions in the corneal epithelium of the rabbit. Curr Eye Res 16, 445-452
(1997).

Cotrina, M. L. et al. Connexins regulate calcium signaling by controlling ATP release. Proc Natl Acad Sci USA 95, 15735-15740
(1998).

Hao, J. L. et al. Inhibition of gap junction-mediated intercellular communication by TNF-alpha in cultured human corneal
fibroblasts. Invest Ophthalmol Vis Sci 46, 1195-1200, https://doi.org/10.1167/iovs.04-0840 (2005).

Morrell, A. E. et al. Mechanically induced Ca(2+) oscillations in osteocytes release extracellular vesicles and enhance bone
formation. Bone Res 6, 6, https://doi.org/10.1038/s41413-018-0007-x (2018).

Covian-Nares, J. F, Koushik, S. V., Puhl, H. L. III. & Vogel, S. S. Membrane wounding triggers ATP release and dysferlin-mediated
intercellular calcium signaling. J Cell Sci 123, 1884-1893, https://doi.org/10.1242/jcs.066084 (2010).

Hoesch, R. E., Yienger, K., Weinreich, D. & Kao, J. P. Coexistence of functional IP(3) and ryanodine receptors in vagal sensory
neurons and their activation by ATP. ] Neurophysiol 88, 1212-1219, https://doi.org/10.1152/jn.2002.88.3.1212 (2002).

Huo, B, Lu, X. L., Costa, K. D., Xu, Q. & Guo, X. E. An ATP-dependent mechanism mediates intercellular calcium signaling in bone
cell network under single cell nanoindentation. Cell Calcium 47, 234-241, https://doi.org/10.1016/j.ceca.2009.12.005 (2010).
Brown, G. N., Leong, P. L. & Guo, X. E. T-Type voltage-sensitive calcium channels mediate mechanically-induced intracellular
calcium oscillations in osteocytes by regulating endoplasmic reticulum calcium dynamics. Bone 88, 56-63, https://doi.org/10.1016/j.
bone.2016.04.018 (2016).

You, J. et al. Osteopontin gene regulation by oscillatory fluid flow via intracellular calcium mobilization and activation of mitogen-
activated protein kinase in MC3T3-E1 osteoblasts. ] Biol Chem 276, 13365-13371, https://doi.org/10.1074/jbc.M009846200 (2001).
Terada, Y. et al. Identification of Indole Alkaloid Structural Units Important for Stimulus-Selective TRPMS8 Inhibition: SAR Study
of Naturally Occurring Iboga Derivatives. ] Nat Prod 77, 1831-1838, https://doi.org/10.1021/np500235b (2014).

Pei, Y., Sherry, D. M. & McDermott, A. M. Thy-1 distinguishes human corneal fibroblasts and myofibroblasts from keratocytes. Exp
Eye Res 79, 705-712, https://doi.org/10.1016/j.exer.2004.08.002 (2004).

Sidney, L. E., McIntosh, O. D. & Hopkinson, A. Phenotypic Change and Induction of Cytokeratin Expression During In Vitro
Culture of Corneal Stromal Cells. Invest Ophth Vis Sci 56, 7225-7235, https://doi.org/10.1167/iovs.15-17810 (2015).

Lock, J. T, Parker, I. & Smith, I. E. A comparison of fluorescent Ca(2)(+) indicators for imaging local Ca(2)(+) signals in cultured
cells. Cell Calcium 58, 638-648, https://doi.org/10.1016/j.ceca.2015.10.003 (2015).

Greiner, ]. V. et al. Histopathology of the ocular surface after eye rubbing. Cornea 16, 327-332 (1997).

Greiner, J. V., Peace, D. G, Baird, R. S. & Allansmith, M. R. Effects of eye rubbing on the conjunctiva as a model of ocular
inflammation. Am J Ophthalmol 100, 45-50 (1985).

Acknowledgements

The authors would like to thank Dr. Amy Estes from the Medical College of Georgia Department of
Ophthalmology at Augusta University and the Eye Guys Eye Surgery Center of Augusta for providing human
corneal rims. This work was supported by NIH grant EY021747 (MW) and NSF CMMI 1727949 (MML).

Author contributions

Z.C.-Originated methods, performed experiments, analyzed data, wrote manuscript. X.L.-Originated methods,
preformed experiments, edited manuscript. M.M.L.-Designed experiments, edited manuscript. M.W.-Designed
experiments, analyzed data, edited manuscript.

SCIENTIFIC REPORTS |

(2020) 10:2840 | https://doi.org/10.1038/s41598-020-59570-7


https://doi.org/10.1038/s41598-020-59570-7
https://doi.org/10.1038/s41598-017-13243-0
https://doi.org/10.1016/j.bbamem.2017.04.008
https://doi.org/10.3390/ijms19020464
https://doi.org/10.1167/iovs.11-8711
https://doi.org/10.1167/iovs.13-13788
https://doi.org/10.1016/j.matbio.2017.06.003
https://doi.org/10.1016/j.matbio.2017.06.003
https://doi.org/10.1016/j.exer.2014.12.015
https://doi.org/10.1016/j.exer.2012.11.004
https://doi.org/10.1016/j.exer.2012.11.004
https://doi.org/10.3389/fendo.2018.00670
https://doi.org/10.3791/50443
https://doi.org/10.1152/ajpcell.00100.2009
https://doi.org/10.1111/j.1524-475X.2011.00749.x
https://doi.org/10.1155/2019/8647121
https://doi.org/10.1152/ajpcell.00110.2013
https://doi.org/10.1016/j.ajpath.2015.10.006
https://doi.org/10.1016/j.ajpath.2015.10.006
https://doi.org/10.1089/jop.2016.0009
https://doi.org/10.1016/j.bbamem.2003.10.020
https://doi.org/10.1167/iovs.04-0840
https://doi.org/10.1038/s41413-018-0007-x
https://doi.org/10.1242/jcs.066084
https://doi.org/10.1152/jn.2002.88.3.1212
https://doi.org/10.1016/j.ceca.2009.12.005
https://doi.org/10.1016/j.bone.2016.04.018
https://doi.org/10.1016/j.bone.2016.04.018
https://doi.org/10.1074/jbc.M009846200
https://doi.org/10.1021/np500235b
https://doi.org/10.1016/j.exer.2004.08.002
https://doi.org/10.1167/iovs.15-17810
https://doi.org/10.1016/j.ceca.2015.10.003

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-59570-7.

Correspondence and requests for materials should be addressed to M.A.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:2840 | https://doi.org/10.1038/s41598-020-59570-7


https://doi.org/10.1038/s41598-020-59570-7
https://doi.org/10.1038/s41598-020-59570-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Transient Cell Membrane Disruptions induce Calcium Waves in Corneal Keratocytes

	Results

	Calcium signaling. 
	Extracellular calcium. 
	Intracellular calcium. 

	Influence of gap junctions. 
	Influence of extracellular ATP. 
	Influence of TRPV1 and TRPM8. 
	Cornea rubbing. 

	Discussion

	Materials and Methods

	Reagents. 
	Isolation and cultivation of primary corneal stromal cells. 
	Immunofluorescence staining. 
	Laser wounding and calcium signaling in cultured corneal stromal cells. 
	Laser wounding and calcium signaling in fresh human corneal tissue. 
	TPMD after cornea rubbing. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 TPMD initiates calcium waves in human corneal stromal cells.
	Figure 2 TPMD-induced calcium signaling in primary human corneal stroma cells.
	Figure 3 TPMD-induced calcium signaling in primary mouse corneal stroma cells.
	Figure 4 Ca++-free K-SFM reduces TPMD-induced keratocyte calcium signaling in ex vivo human corneal rims.
	Figure 5 No effect of sarcoplasmic reticulum Ca++ ATPase inhibition on TPMD-induced keratocyte calcium signaling in ex vivo human corneal rims.
	Figure 6 Gap junction Cx43 immunofluorescence staining.
	Figure 7 The influence of TRPV1, TRPM8, gap junctions and ATP on TPMD-induced calcium signaling in primary human corneal stromal cells.
	Figure 8 The influence of TRPV1, TRPM8, gap junction and ATP on TPMD-induced calcium signaling in primary mouse corneal stromal cells.
	Figure 9 Blocking gap junctions reduces TPMD induced calcium signaling in ex vivo human corneal rims.
	Figure 10 Human corneal rims were rubbed 30 times with a cotton tipped swab to create TPMDs, or 45 times as a positive control for cell death.
	Figure 11 Mouse corneas on intact eyes were rubbed 15 times with a cotton tipped swab to create TPMDs, or 60 times with a hard rounded tip instrument as a positive control for cell damage.
	Table 1 Summary of Experimental Treatment Results.




