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Abstract

Intercellular communication is essential for the coordination of physiological processes between cells in a variety of organs and tissues, including
the brain, liver, retina, cochlea and vasculature. In experimental settings, intercellular Ca2+-waves can be elicited by applying a mechanical
stimulus to a single cell. This leads to the release of the intracellular signaling molecules IP3 and Ca2+ that initiate the propagation of the Ca2+-
wave concentrically from the mechanically stimulated cell to the neighboring cells. The main molecular pathways that control intercellular Ca2+-
wave propagation are provided by gap junction channels through the direct transfer of IP3 and by hemichannels through the release of ATP.
Identification and characterization of the properties and regulation of different connexin and pannexin isoforms as gap junction channels and
hemichannels are allowed by the quantification of the spread of the intercellular Ca2+-wave, siRNA, and the use of inhibitors of gap junction
channels and hemichannels. Here, we describe a method to measure intercellular Ca2+-wave in monolayers of primary corneal endothelial cells
loaded with Fluo4-AM in response to a controlled and localized mechanical stimulus provoked by an acute, short-lasting deformation of the cell
as a result of touching the cell membrane with a micromanipulator-controlled glass micropipette with a tip diameter of less than 1 μm. We also
describe the isolation of primary bovine corneal endothelial cells and its use as model system to assess Cx43-hemichannel activity as the driven
force for intercellular Ca2+-waves through the release of ATP. Finally, we discuss the use, advantages, limitations and alternatives of this method
in the context of gap junction channel and hemichannel research.

Video Link

The video component of this article can be found at http://www.jove.com/video/50443/

Introduction

Intercellular communication and signaling are essential for the coordination of physiological processes in response to extracellular agonists at
the tissue and whole-organ level 1,2 . The most direct way of intercellular communication is created by the occurrence of gap junctions. Gap
junctions are plaques of gap junction channels, which are proteinaceous channels formed by the head-to-head docking of two connexin (Cx)
hemichannels of adjacent cells 3,4 (Figure 1). Gap junctions allow the passage of small signaling molecules with a molecular weight of less
than 1.5 kDa, including Ca2+ or IP3 

5, causing and modulating Ca2+-release from the intracellular stores of the neighboring cells 6 (Figure 2).
Gap junction channels are tightly regulated by intra- and intermolecular protein interactions and by cellular signaling processes, like redox
modification and phosphorylation7. GJs facilitate the coordinated response of connected cells, thereby acting as a chemical and electrical
syncytium. For example, the spreading of cardiac action potential across the atrial and ventricular myocytes is mediated by Cx-based GJ
channels 85. Cxs not only have a role as gap junction channels, but also form unpaired hemichannels, thereby functioning as channels in
membranes similarly to regular ion channels 8-10 (Figure 1). Hemichannels participate in paracrine signaling between neighboring cells by
controlling the exchange of ions and signaling molecules between the intra- and extracellular environment.

In many cell types (like epithelial cells, osteoblastic cells, astrocytes, endothelial cells, etc.) and organs (like brain, liver, retina, cochlea and the
vasculature), intercellular Ca2+-waves are fundamental for the coordination of multicellular responses 11. Increases in intracellular Ca2+ levels in
a certain cell are not limited to this cell, but propagate to the surrounding neighboring cells, thereby establishing an intercellular Ca2+-wave 12,13

. These intercellular Ca2+-waves are important for normal physiological regulation of cell layers as a syncytium and their dysregulation has been
associated with pathophysiological processes 11. In the corneal endothelium and epithelium, different groups 14-24, including our own 25-33, studied
the mechanisms and roles of intercellular communication. In non-excitable cells, like corneal endothelial cells, two distinct modes of intercellular
communication occur 28,29 , namely gap junctional intercellular communication and paracrine intercellular communication. Gap junctional
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intercellular communication involves a direct exchange of signaling molecules via gap junctions 7. Gap junctional intercellular communication
is critical for maintaining tissue homeostasis, controlling cell proliferation, and establishing a synchronized response to extracellular stress
10,34,35 . In a number of pathologies, gap junction coupling is reduced due to defective Cxs, and hereby affecting gap junctional intercellular
communication 36. This emphasizes the importance and influence of gap junctional intercellular communication in multicellular organisms. In
contrast to gap junctional intercellular communication, paracrine intercellular communication is not dependent on cell-cell apposition, since it
involves the release of diffusible extracellular messengers (Figure 2). Different types of signaling molecules are released in the extracellular
space by signaling cells. The molecule is then transported to the target cell where it is detected by a specific receptor protein. Subsequently
the receptor-signal complex induces a cellular response, which is terminated by removal of the signal, inactivation or desensitization. Released
lipophilic extracellular signaling messengers penetrate the membrane and act on intracellular receptors. In contrast, hydrophilic messengers do
not cross the plasma membrane of the responding cell, but act as a ligand that binds to surface-expressed receptor proteins, which then relay
the signal to the intracellular environment. Three major families of cell surface receptor proteins participate in this process: ion-channel-linked,
enzyme-linked, and G protein-linked. The released messenger molecule can act on receptors of the same cell (autocrine), on target cells in close
proximity (paracrine), or on distant target cells that require the circulatory system (endocrine).

In many cell types, including corneal endothelium 28,29, ATP is one of the major hydrophilic, paracrine factors that drive the propagation of
intercellular Ca2+-waves 37-40. During mechanical deformation, hypoxia, inflammation or stimulation by various agents, ATP can be released
from healthy cells 41-44 in response to shear stress, stretch, or osmotic swelling 44,45. Different ATP-release mechanisms have been postulated,
including vesicular exocytosis 44 and a plethora of transport mechanisms, such as ATP-binding cassette (ABC) transporters, plasmalemmal
voltage-dependent anion channels 46, P2X7 receptor channels 47,48, as well as connexin hemichannels 49-52 and pannexin hemichannels
43,49,53. Extracellular ATP can be rapidly hydrolyzed to ADP, AMP and adenosine 54,55 by ectonucleotidases that are present in the extracellular
environment. The extracellularly released ATP and its metabolite ADP 56 will spread through diffusion. The subsequent interaction of these
nucleotides with purinergic receptors in the neighboring cells has been implicated in the propagation of intercellular Ca2+-waves 28,37,51. Two
different classes of purinergic receptors are present: adenosine is the principal natural ligand for P1-purinoceptors, while both purine (ATP, ADP)
and pyrimidine (UTP, UDP) nucleotides act on most P2-purinoceptors 57.

Intercellular communication can be investigated by different methods such as scrape loading, dye transfer, local uncaging of agonists like IP3

and Ca2+, mechanical stimulation, etc.. Here we describe the study of Ca2+-wave propagation elicited by mechanical stimulation of a single
cell. The advantage of studying Ca2+-wave propagation by mechanical stimulation is that it provides an easy tool to quantify the spread of the
Ca2+-wave over time and it allows quantitatively comparing different pretreatments of the cells. In the corneal endothelium, these intercellular
Ca2+-waves allow a coordinated response from the monolayer, hereby acting as a possible defense mechanism of the non-regenerative corneal
endothelium helping the endothelium to withstand extracellular stresses during intraocular surgery, or upon exposure to inflammatory mediators
during immune rejection or uveitis 58,59 .

Protocol

1. Isolation of Corneal Endothelial Cells

Before getting started: Isolate the cells from the fresh eyes, obtained from a local slaughterhouse, as soon as possible after enucleating the eye.
Make sure that the eye was enucleated from a cow of maximal 18 months old, five minutes post mortem and preserved in Earle's Balanced Salt
Solution - 1% iodine solution at 4 °C for transportation to the laboratory.

1. Take the eye out of the Earle's Balanced Salt Solution - 1% iodine solution and place it in a Petri dish (100 x 20 mm).
2. Sterilize the eye with a solution containing 70% ethanol and rinse with Earle's Balanced Salt Solution containing 1% iodine.
3. From this step on, work in a sterile hood. Carefully dissect the cornea from the eye and place it in a Petri dish (35 x 10 mm) containing Earle's

Balanced Salt Solution, with the epithelial cell layer facing upward. Carefully remove any remaining iris tissue still attached to the cornea if
needed.

4. Transfer the cornea to another Earle's Balanced Salt Solution containing Petri dish with the endothelial cell layer upward and rinse twice with
Earle's Balanced Salt Solution.

5. Transfer the cornea with the endothelial layer facing upward to an hourglass, which is a cup-shaped dish, and cover it with growth medium.
The growth medium consists of Dulbecco's Modified Eagle's Medium containing 25 mM glucose, 10% fetal bovine serum, 6.6% L-glutamine,
2.5 μg/ml amphotericin-B and 1% antibiotic-antimycotic mixture containing 10,000 units/ml of penicillin, 10,000 μg/ml of streptomycin, and 25
μg/ml amphotericin B.

6. Remove the medium with a suction pipette.
7. Apply 300 μl of a trypsin solution (0.5 g/L) to the endothelial layer of the cornea (all the steps that include trypsin are done using the same

concentration).
8. Place the hourglass containing the cornea in a covered Petri dish and put it in the incubator for 30 min at 37 °C and 5% CO2.
9. Gently scrape the endothelial cells away from the cornea with a fire-polished hook-shaped glass Pasteur pipette in a sterile hood.
10. Suck off the solution containing the endothelial cells and add it to culture flasks (25 cm2) containing 4 ml of culture medium.
11. Apply 300 μl of growth medium to the cornea and repeat the scraping and add the solution containing the endothelial cells to the culture flask.
12. Repeat this final step (1.11) once more.
13. Place the culture flasks containing the corneal endothelial cells in the growth medium in the incubator at 37 °C and 5% CO2.
14. After two days, add 6 ml of culture medium.
15. Refresh the growth medium every second day.
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2. Cell Culture

1. Remove the culture medium and wash the cells twice with Earle's Balanced Salt Solution, when confluency is reached (within about 10 days
after isolation).

2. Add 1.5 ml trypsin solution to the cells to detach them and place the flask in the incubator (37 °C, 5% CO2) for 3 to 4 min.
3. Add 12 ml of growth medium. Pipette the medium three times in and out to disperse the cells and count the cells.
4. Seed the cells with a variable fraction depending on the cell density and put them in the incubator. Prepare two well-chambered slides (with

an area of 4.2 cm2) with a cell count of 165,000 cells (cell density 39,286 per cm2). Prepare 80 cm2 culture flasks for a new passage at a
density of 6,250 per cm2, and add fresh culture medium up to a total volume of 25 ml.

5. Refresh the medium every two days.
6. Confluency of the cell layer is reached after 3 to 4 days. Use cells for experiments.
7. When confluency of the cell layer in the flasks is reached, repeat steps 2.1 to 2.6. Cell cultures up to passage 2 can be used for experiments.

3. Mechanical Stimulation for Inducing Calcium Wave

1. Load the cells in the chambered slide with 10 μM Fluo-4 AM in phosphate-buffered saline for 30 min at 37 °C while gently shaking.
2. Remove the Fluo-4 AM solution, wash the cells five times with phosphate-buffered saline, incubate the cells with phosphate-buffered saline

and leave the cells for at least 5 min at room temperature before measurement.
3. Excite at 488 nm with Argon laser and use beam splitter HFT 488, collect the fluorescence emission at 530 nm using a longpass emission

filter LP 505, set the pinhole at minimum. Use an oil immersion 40X objective (Air, 1.2 N.A.). In experiments with ARL-67156, use a 10X
objective (Air, 0.3 N.A.).

4. Search for a field in which the cells are confluent on the confocal microscope.
5. Position the pipette so that it is at 45° in respect to the chambered slide and touching the cell membrane. Provoke a short (≈ 1 sec)

mechanical stimulation to a single cell. The mechanical stimulation consists of an acute, short-lasting deformation of the cell by briefly
touching less than 1% of the cell membrane with a glass micropipette (tip diameter <1 μm) coupled to a piezoelectric crystal nanopositioner,
operated through an amplifier which is mounted on a micro-manipulator. The glass micropipettes are made with a microelectrode puller.
Make sure that the nanopositioner is operated by a voltage between 0.2 and 1.5 V during the mechanical stimulation. A voltage higher than
1.5 V can result in cell damage. For each cell type and condition, the optimal voltage for mechanical stimulation without cell damage must
be carefully determined by applying a series of voltages starting from low (0.2 V) to high (1.5 V) voltage. The voltage is a measure for the
force of the stimulation since this voltage determines the mechanical stress and strain that are applied to the cell membrane. The force of
the mechanical stimulation can be calculated by multiplying the mechanical stress with the area. Since both the area (<3.14 μm2) and the
mechanical stress are very low, the force of the mechanical stimulation is low. (Note that when a cell is damaged, the fluorescence leaks out
of the cell and the cell turns dark.)

6. Measure spatial changes in [Ca2+]i following mechanical stimulation with the confocal microscope.
7. Collect and store images.
8. Draw a polygonal region of interest to define the total surface area of responsive cells (active area, AA) using the software of the confocal

microscope.

Representative Results

All experiments are executed in compliance with all relevant guidelines, regulations and regulatory agencies and the protocol being
demonstrated is performed under the guidance and approval of the animal care and use committee of the KU Leuven.

In bovine corneal endothelial cells (BCEC), functional gap junctions are expressed and both gap junctional intercellular communication and
paracrine intercellular communication contribute significantly to intercellular communication in an interactive way, but the main pathway has been
shown to be the paracrine intercellular communication pathway mediated by ATP release through Cx43-based hemichannels 28,29 . ATP and
ADP are hydrolyzed to adenosine monophosphate (AMP) by the ectonucleotidase E-NTPD1 (ectonucleoside triphosphate diphosphohydrolase
1, CD39 ATP diphosphohydrolase), and subsequently to adenosine by the 5'-ectonucleotidase CD73 28,29 . ATP and ADP contribute to the
Ca2+-wave propagation by binding to P2Y1 and P2Y2 receptors 28,29 . Both receptors couple to PLC via Gq and thereby evoke IP3-induced
Ca2+-release (Figure 2). In BCEC, the stimulation of the purinergic P2Y receptors results in a rapid increase in [Ca2+]i, which is insensitive to
the removal of [Ca2+]o 

60. [Ca2+]i peaks evoked by agonist stimulation are followed by a [Ca2+]i decrease which can lead to a stable, agonist-
dependent elevation, [Ca2+]o-dependent oscillatory fluctuations, or a return to baseline 60-62. In BCEC, there has been evidence that Ca2+-release
occurs via a pathway involving PLC and IP3 

29. Emptying of the IP3-sensitive stores leads to an initial peak in [Ca2+]i, subsequently followed by a
capacitative Ca2+-influx leading to the onset of the plateau phase 63.

Mechanical stimulation leads to a rapid initial rise in Ca2+ that originates from the point of the stimulation and then spreads throughout the
mechanically stimulated cell. Finally, the intracellular Ca2+-levels slowly diminish back to the baseline level. Upon reaching the cell boundaries,
the intercellular Ca2+-wave propagates to the surrounding neighboring cells (NB) in a wave-like manner as a Ca2+-transient, which decays to
basal level (Figure 3). In control conditions, Ca2+-transients were observed up to approximately 4 to 8 cell layers away from the mechanically
stimulated cell (Figure 3). The line graph (at the right side of the panels in Figure 3) shows the time course of the Ca2+-transients (represented
as normalized fluorescence (NF) values) in the mechanically stimulated cell and in the neighboring cell layers one to five (NB1, NB2, NB3, NB4
and NB5). From Figure 3, it is clear that the normalized fluorescence decreases, while the time delay for the onset of [Ca2+]i-rise increases with
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increasing distance from the mechanically stimulated cell. The maximal normalized fluorescence in the mechanically stimulated cell was reached
in 0.95±0.04 sec. After reaching a maximal normalized fluorescence value, the normalized fluorescence showed a very gradual and slow decline,
returning to the basal value 152 ± 6 sec after the application of the stimulus 25.

Inhibition of the paracrine intercellular communication pathway by using a combination of exogenous apyrase VI (5 U/ml for 30 min) and apyrase
VII (5 U/ml for 30 min) caused a 7.5-fold decrease in the area covered by the Ca2+-wave, the so-called active area (AA, P < 0.001; N = 7, n
= 35) (Figure 4A). Apyrase is known to hydrolyze ATP and ADP. Apyrase VI has a high ATPase/ADPase ratio and apyrase VII preferentially
hydrolyzes ADP 56.

Since paracrine intercellular communication in the corneal endothelium largely occurs through ATP release,28,29 and ATP is hydrolyzed in
the extracellular space by ectonucleotidases, known to be expressed in the corneal endothelium,29,64,65 we investigated the effect on AA in
conditions where ATP hydrolysis is inhibited using ectonucleotidase inhibitors. Inhibition of ectonucleotidases with ARL-67156 (ARL; 100 μM for
30 min) resulted in strong enhancement of the Ca2+-wave propagation, as has been demonstrated previously in BCEC 25,26,28,29 . The exposure
of BCEC to ARL caused a 3.5-fold increase of the AA compared to control conditions (P < 0.001; N = 12, n = 60) (Figure 4B).

In previous studies in our laboratory, connexin mimetic peptides (Gap26 and Gap27, Table 2) were used to distinguish the relative contributions
of gap junctional intercellular communication and paracrine intercellular communication to intercellular Ca2+-wave propagation following
mechanical stimulation, with an inactive peptide (Table 2) as a control 28,29 .

Inhibition of gap junction channels with Gap27 significantly decreased the propagation of the Ca2+-wave in BCEC 30. The AA was significantly
reduced upon pretreatment with Gap27 (300 μM for 30 min) (P < 0.001; N = 8, n = 40) 25 (Table 1). Inhibition of connexin hemichannels with the
connexin-mimetic peptide Gap26 28,30 significantly reduced the propagation of the Ca2+-wave in BCEC 28. The AA was significantly reduced upon
pretreatment with Gap26 (300 μM for 30 min) (P < 0.001; N = 8, n = 40) 25 (Table 1).

We also showed that the 43-kDa Cx isoform was a main component underlying the hemichannel-mediated ATP release that provokes
intercellular Ca2+-waves. Using two independently designed siRNA molecules targeting Cx43, we found that the AA was reduced by about 65%
33 (Table 1). This was further underpinned by experiments using TAT-L2 (100 μM, 30 min), a cell-permeable peptide corresponding to the second
half of the intracellular loop of Cx43 (Table 2), which provoked a major reduction in AA (P < 0.001; N = 3, n = 30) (Table 1). Importantly, this
reduction in AA by TAT-L2 incubation was not observed in the absence of paracrine signaling, supporting the concept that TAT-L2 selectively
inhibits Cx43-based hemichannels but not gap junction channels 33. Furthermore, an inactive TAT-L2 mutant (TAT-L2H126K/I130N) can be used as a
control (Table 2).

 
Figure 1. Formation of gap junction channels and hemichannels: schematic representation. A. A connexin or pannexin hemichannel is
formed when six connexins or pannexins, which are four-transmembrane-domain-containing proteins, are radially arranged around a central
pore. Hemichannels are located in the plasma membrane. They can consist of identical protein subtypes (homomeric hemichannels) or they can
consist of different protein subtypes, when two or more isoforms are expressed in the same cell (heteromeric hemichannels). A homotypic gap
junction channel results from the docking of two identical homomeric or heteromeric hemichannels. A heterotypic gap junction channel results
from the docking of two different homomeric or heteromeric channels. B. Schematic structure of connexin and pannexin gap junction channels
connecting two adjacent cells and hemichannels.

(Partially modified from 66)

This figure was originally published in BioEssays. Catheleyne D'hondt, Raf Ponsaerts, Humbert De Smedt, Geert Bultynck, and Bernard
Himpens. Pannexins, distant relatives of the connexin family with specific cellular functions. BioEssays. 2009, 31, 953-974 (2009). BioEssays.
Click here to view larger figure.
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Figure 2. In non-excitable cells, the intercellular Ca2+-wave propagation involves both gap junctional intercellular communication and
paracrine intercellular communication. Upon mechanical stimulation of a single cell, a Ca2+-rise occurs in the mechanically stimulated cell
(MS) via Ca2+-influx and/or Ca2+-release. Subsequently, the Ca2+-rise propagates from the mechanically stimulated to the neighboring cells (NB)
as an intercellular Ca2+-wave. The intercellular propagation involves two mechanisms, namely gap junctional intercellular communication and
paracrine intercellular communication. In gap junctional intercellular communication, a direct exchange of a mediator (IP3 and/or Ca2+) occurs
between the cytoplasms of adjacent cells via gap junctions (GJs). In paracrine intercellular communication, a messenger (e.g. ATP) is released
into the extracellular space, thereby acting on receptors located on the surface of neighboring cells. Hemichannels (HCs) or other mechanisms
mediate this ATP release (see text). Ectonucleotidases hydrolyze ATP to ADP and AMP. ATP and ADP act on P2Y and/or P2X receptors on
neighboring cells. (Taken from 66.)

This figure was originally published in BioEssays. Catheleyne D'hondt, Raf Ponsaerts, Humbert De Smedt, Geert Bultynck, and Bernard
Himpens. Pannexins, distant relatives of the connexin family with specific cellular functions. BioEssays. 2009. 31, 953-974 (2009). BioEssays.

 
Figure 3. Calcium wave propagation in control conditions in BCEC. Mechanical stimulation induced calcium transients are shown at
different time-points in control conditions in BCEC by representative pseudo-colored fluorescence images. The fluorescence intensities before
stimulation are shown in the first image. The white arrow in the second image identifies the mechanically stimulated cell. The calcium wave
propagates to six neighboring cell layers with a total area of cells reached by the wave (active area: AA) of 62,870 μm2.

http://www.jove.com
http://www.jove.com
http://www.jove.com


Journal of Visualized Experiments www.jove.com

Copyright © 2013  Journal of Visualized Experiments July 2013 |  77  | e50443 | Page 6 of 10

The right panel with the line graphs shows the time course of the normalized fluorescence value (NF) in the mechanically stimulated cell (MS)
and the average value of NF in the neighboring cells (NB) layers 1 to 5 (NB1 to NB5). (Partially modified from 25.)

This figure was originally published in Investigative Ophthalmology and Visual Science. Catheleyne D'hondt, Raf Ponsaerts, Sangly P Srinivas,
Johan Vereecke, and Bernard Himpens. Thrombin inhibits intercellular calcium wave propagation in corneal endothelial cells by modulation of
hemichannels and gap junctions. Invest. Ophthalmol. Vis. Sci. 2007. 48 (1), 120-33 (2007). Investigative Ophthalmology and Visual Science.

 
Figure 4. Significant changes in the spread of intercellular Ca2+-waves after treatment with exogenous nucleotidases (left) and with
ectonucleotidase inhibitors (right) in BCEC. A. Significant decrease in AA after treatment of BCEC with exogenous apyrases (apyrase VI (5
U/ml) and apyrase VII (5 U/ml) for 30 min) which hydrolyze ATP and ADP, hereby inhibiting the paracrine intercellular communication pathway (N
= 7, n = 35). * signifies P < 0.001 in the presence vs. absence of apyrase. B. Significant increase in AA after treatment of BCEC with a selective
ectonucleotidase inhibitor ARL-67156 (ARL; 100 μM for 30 min), herby enhancing the paracrine intercellular communication pathway (N = 12, n
= 60). * signifies P < 0.001 in the presence vs. absence of ARL.

 Normalized AA St. error N n Statistics

control 100 8.31 3 30  

siScramble 87.97 9.3 3 30  

siCx43-1 32.45 8.23 3 30 *

siCx43-2 35.49 7.06 3 30 *

Control peptide 91.68 6.5 8 40  

Gap 26 46.67 4.24 8 40 *

Gap 27 53 4.76 8 40 *

TAT-L2 6.99 0.71 3 30 *

Table 1. Effect of siRNA molecules targeting Cx43, connexin mimetic peptides and the cell-permeable peptide TAT-L2 on the
normalized active area (AA) in BCEC.
 
N represents the number of days of experiments, n represents the number of mechanical stimulations. * signifies P < 0.001 compared to control
conditions.

 AA sequence

Control peptide SRGGEKNVFIV

Gap26 VCYDKSFPISHVR

Gap27 SRPTEKTIFII

TAT-L2 YGRKKRRQRRR-DGANVDMHLKQIEIKKFKYGIEEHGK

TAT-L2H126K/I130N YGRKKRRQRRR-DGANVDMKLKQNEIKKFKYGIEEHGK

10Panx1 WRQAAFVDSY

Table 2. Amino acid sequences of the used peptides.
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Discussion

In this manuscript, we describe a simple method to measure intercellular Ca2+-wave propagation in monolayers of primary bovine corneal
endothelial cells by providing a localized and controlled mechanical stimulation using a micropipette. Mechanically stimulated cells respond
with a local increase in intracellular IP3 and Ca2+, both of which are essential intracellular signaling molecules that drive intercellular Ca2+-wave
propagation 11,67 . IP3 is directly transferred to neighboring cells via gap junction channels 5, while Ca2+ provokes the opening of hemichannels
and the release of ATP 68,69 , which triggers Ca2+ signals in neighboring cells through the activation of G-protein coupled P2 receptors 37-40. The
relative contribution of gap junction channels and hemichannels in this process can be characterized by the use of Cx-mimetic peptides, ATP-
degrading enzymes (ectonucleotidases) and inhibitors of ectonucleotisdases. The properties of mechanical stimulation-induced intercellular
Ca2+-wave propagation in bovine corneal endothelial cells have been thoroughly characterized in our lab 25-33. Our results indicate that the
intercellular Ca2+-wave propagation is mainly driven by a Cx-hemichannel-mediated release of ATP, with Cx43 playing a prominent role.
As such, this method applied to primary bovine corneal endothelial cells is particularly suitable to identify or characterize the regulation
of Cx43 hemichannels at endogenous levels in native cells. Using this method, we have found that the activity of Cx43 hemichannels is
critically controlled by the actomyosin cytoskeleton, which may serve as an endogenous brake preventing excessive, and thus deleterious,
Cx43 hemichannel opening 25,31,32. We further elucidate the molecular mechanisms underlying this regulation and find an important role of
intramolecular loop/tail interactions that are essential for the opening of Cx43 hemichannels 33.

Clearly, this system is very suitable for studying the function of Cx and Panx-based gap junction channels and hemichannels and is definitely
not limited to bovine corneal endothelial cells but is adaptable to virtually any cell type and also more complex tissues, as has been shown in the
brain where mechanical stimulation triggered large intercellular Ca2+-waves encompassing the entire hemisphere 70. Different tools are present
to assess the contribution of gap junction channels and hemichannels, including Cx-mimetic peptides, ATP-degrading enzymes, inhibitors of
ectonucleotidases and pharmacological compounds like carbenoxolone and 10Panx1 (Table 2) 49,50 . To determine the contribution of a certain
Cx or Panx isoform in this process, carefully designed siRNA probes targeting two independent regions of the mRNA and a scrambled control
should be used. The extent of knockdown should be determined at the total protein level using Western-blotting assays and the single cell
level using fluorescent microscopy. The transfection efficiency of the siRNA probes in the experimental cell monolayers should be assessed
by fluorescent microscopy. For this, one can develop a duplex siRNA in which a fluorescent label has been incorporated at the 3' end of the
sense strand. It is important to note that for proper analysis, a prominent reduction of the Cx or Panx isoform (>90% reduction), as well as a
homogenous transfection of the siRNA duplexes in the cell monolayer (>90% of the cells transfected with siRNA probe) should be obtained.
The selectivity of the designed siRNA probes towards the target should be assessed 71. In short, these tools should be validated so that they
do not affect the expression of other Cx or Panx isoforms or other key components driving intercellular Ca2+-waves, like P2X or P2Y receptors.
To assess the contribution of Cx43 hemichannels, we have collaborated with the lab of Dr. Leybaert in developing a cell-permeable peptide
corresponding to the second half of the intracellular loop of Cx43 (TAT-L2) that acts as a selective, potent inhibitor of Cx43 hemichannels while
maintaining Cx43-gap junction channel activity 33. In our studies, we use 100 μM TAT-L2 to obtain a complete inhibition of Cx43 hemichannels,
but lower concentrations may be sufficient 72. TAT-L2H126K/I130N is recommended as a negative control 73. To assess the contribution of Panx1
channels, the 10Panx1 peptide can be applied. These tools are important not only for excluding plasma membrane disruption (see below), but
also for demonstrating that paracrine ATP signaling mediates the mechanisms of intercellular Ca2+-wave propagation by hemichannels and not
by other mechanisms (like maxi-anion channels or the release of ATP-containing vesicles). Finally, as for all studies using primary cells, the cell
culture conditions and the number of passages must be standardized, as the biological properties of the cells and thus the expression profile of
the different Cx and Panx isoforms may change over time 26.

Nevertheless, there are a number of drawbacks to this method. A major disadvantage to the method is that mechanical stimulation may trigger
plasma membrane disruption, leading to the entry of extracellular Ca2+ and the release of signaling molecules like ATP, both of which underlie
bona fide intercellular Ca2+-wave propagation 11. This definitely complicates the (quantitative) analysis of the intercellular Ca2+-wave. Therefore,
it is highly recommended that one should i) use proper controls, i.e. cell lines which lack the expression of Cx or Panx isoforms, and tools
that interfere with the function of Cx and Panx as gap junction channels and/or hemichannels and ii) standardize the mechanical stimulation
procedure (make sure that during the mechanical stimulus the nanopositioner is operated by a voltage between 0.5 and 2 V).

Furthermore, it is important to note that this method does not stand by itself, but should be underpinned by additional experimental approaches
to study Cx and Panx channels. This can be achieved by using a local increase of intracellular signaling molecules that participate in mechanical-
stimulation-mediated intercellular Ca2+-wave propagation, like the uncaging of intracellular IP3 or Ca2+ 11,74. To initiate intercellular Ca2+-wave
independent of mechanical stimulation, one can use micro-injection, such as recombinant pro-apoptotic Bax 11,75 and photo-activatable Ca2+-
buffers like diazo-2 that causes a local drop in extracellular [Ca2+] 76, a known trigger for hemichannel opening. Alternatively, one can use in situ
electroporation of cell-impermeable signaling molecules that trigger intracellular Ca2+-release and intercellular Ca2+-waves, such as IP3 

67,68.
The latter technique is also used to investigate the spreading of cell death 5,77. These non-mechanical stimuli provide a better assessment of
the stimulus intensity-response. In addition to these Ca2+-wave propagation methods, it is important to determine the activity of the Cx or Panx
channels using other approaches, including the determination of hydrophilic dye uptake (like Lucifer yellow) 78 and the release of ATP not only
in response to mechanical stimulation but also in response to extracellular Ca2+-buffers (like EGTA) and intracellular Ca2+-release molecules
(like the Ca2+-ionophore A23187) 11,74. In addition, the best proof for the regulation at the channel level is provided by electrophysiological
experiments, either dual voltage clamp systems or whole-cell path clamp of Xenopus oocytes injected with Cx or Panx mRNA or of HeLa cells
ectopically expressing Cx isoforms together with a marker like GFP 79-84.
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To conclude, the use of mechanical stimulation for inducing intercellular Ca2+-waves provides a simple and reliable method to investigate
intracellular communication and examine the contribution and properties of Cx and Panx channels.
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