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ABSTRACT 

Retinal pigment epithelium is a monolayer of cells located beneath photoreceptors 
of the retina maintaining their functionality. Malfunction of RPE leads to retinal 
degenerative diseases, such as age-related macular degeneration and Stargardt 
disease. Ca2+ is a ubiquitous ion that takes part in regulation of vital cellular 
processes. The knowledge of Ca2+ dynamics is essential for understanding RPE 
physiology. This is especially important for functionality assessment of cells intended 
for transplantation and for drug testing. 

The aim of this thesis was to study spontaneous and mechanically induced Ca2+ 
activity in human RPE and to assess the effect of cellular maturation and wounding 
on the [Ca2+]i dynamics. For this, various methods, such as fluorescent Ca2+ imaging, 
immunofluorescence staining, PCR, and mathematical modeling were applied. In 
addition, novel methods were developed to analyze large amounts of Ca2+ imaging 
data. ARPE-19 and human embryonic stem cell-derived RPE cells (hESC-RPE) 
were used as RPE cell models. 

In this thesis, it was shown that both ARPE-19 and hESC-RPE exhibit 
intercellular Ca2+ waves upon mechanical stimulation. With live-cell Ca2+ imaging 
and mathematical modeling, it was demonstrated that in ARPE-19 cells, the 
mechanically induced Ca2+ waves propagate intracellularly through gap junctions and 
extracellularly involving diffusion of a paracrine factor. By applying in-house image 
analysis tools for the experimental fluorescence time-series, it was found that in 
hESC-RPE cells, spontaneous [Ca2+]i transients and the ability to propagate 
intercellular Ca2+ waves upon mechanical stimulation strongly depend on the 
maturation status of the cells. Finally, it was demonstrated that wounding affects 
spontaneous Ca2+ activity close to the wound edges, and cells within the healed areas 
resemble Ca2+ dynamics of immature hESC-RPE. 

To conclude, this thesis has provided important insights into human RPE Ca2+ 
dynamics, as well as into the events of single cell mechanical stimulation and large 
scale monolayer wounding. In addition, it was demonstrated that maturation 
drastically affects RPE Ca2+ dynamics. This knowledge and the developed image 
analysis algorithms contribute to understanding RPE physiology and can facilitate 
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establishment of novel tools for assessment of RPE functionality prior to 
transplantation and in drug testing assays. 
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1 INTRODUCTION 

Retinal pigment epithelium (RPE) is a single layer of cells beneath neurosensory 
retina, crucial for their survival. RPE forms a barrier between the blood vessels and 
retina controlling substances reaching the retina. RPE phagocytize shed 
photoreceptors allowing for their renewal. In addition, these cells secrete various 
growth factors and control visual cycle and water balance during dark and light 
adaptation. (Strauss, 2005) Dysfunction of RPE leads to retinal degenerative 
diseases, such as age-related macular degeneration (AMD), which is the major cause 
of blindness in elderly people living in developed countries. (Sparrow et al., 2010; 
Bonilha, 2008) 

Because the single layer of cells is the key player in AMD, RPE is a very promising 
target for regenerative medicine approaches (Ramsden et al., 2013). Understanding 
the maturation and wound healing processes in RPE is essential for application of 
these cells in treating degenerative disorders (Sugino et al., 2003). 

Ca2+ signaling plays a primary role in cell physiology. It controls major cellular 
processes from proliferation to apoptosis. In RPE, Ca2+ controls also transepithelial 
transport of substances, phagocytosis, growth factors secretion, differentiation, and 
other vital activities. (Wimmers et al., 2007) 

Cells normally maintain low free cytoplasmic Ca2+ concentration ([Ca2+]i) and 
high concentration of Ca2+ in intracellular Ca2+ stores, such as endoplasmic 
reticulum (Berridge, 2003). When cells are stimulated, they can increase the [Ca2+]i 
either using Ca2+ that comes either from extracellular space through plasma 
membrane Ca2+ channels, or recruiting Ca2+ from intracellular Ca2+ stores. These 
transient [Ca2+]i spikes vary in temporal and spatial patterns (Bootman, 2012). The 
diverse [Ca2+]i patterns arise from the vast variability of proteins that are responsible 
for allowing Ca2+ into the cytoplasm and removing Ca2+ from the cytoplasm 
(Bootman, 2012). The proteomes underlying Ca2+ signaling are tissue-specific and 
orrespond to the cellular physiological needs. The transient [Ca2+]i increases further 

interact with Ca2+ sensors (e.g., troponin, calmodulin) that result in various 
physiological responses. (Berridge, 2000) 
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Spontaneous [Ca2+]i transients that occur without an externally applied 
stimulation have been demonstrated in many cell types. In some cell types (for 
example, in human cardiac progenitor cells, mesenchymal stem cells, carcinoma) 
these transients are known control cell growth and differentiation. (Ferreira-Martins 
et al., 2009; Resende et al., 2010) The [Ca2+]i transients can be restricted to single 
cells or propagate to a small number of neighboring cells as spontaneous intercellular 
Ca2+ waves. (Rottingen and Iversen, 2000) 

When a single cell in a monolayer is mechanically stimulated with, e.g., a glass 
micropipette, an intercellular Ca2+ wave occurs in various cell types, including RPE. 
(Rottingen and Iversen, 2000; Stalmans and Himpens, 1997) Such waves can 
propagate via two major pathways: intracellularly through gap junctions when the 
signaling molecules emerging in the cytoplasm of the stimulated cell pass directly to 
the cytoplasm of the neighboring cells, and extracellularly when the stimulated cell 
releases a signaling factor to the extracellular space stimulating neighboring cells. 
(Rottingen and Iversen, 2000; Charles et al., 1996; Gomes et al., 2005; Sanderson et 
al., 1994; Nezu et al., 2010) 

When a large number of cells is being stimulated, as in the condition of scrape 
wounding of a monolayer, the Ca2+ waves spread from the wound edges to intact 
cells. This Ca2+ wave is the initial trigger of the wound healing process that allows 
undamaged cells to rearrange their intercellular junctions and enhance cell motility 
to seal the void. (Woolley and Martin, 2000) Wound healing of RPE has been studied 
in animal models (e.g., Oganesian et al., 1997; Verstraeten et al., 1990), as well as in 
hESC-RPE cells (Croze et al., 2016). However, Ca2+ signaling aspects of the wound 
healing in hESC-RPE have had less attention. 

Ca2+ imaging experiments aiming at investigation of intercellular Ca2+ signals, 
such as experiments on Ca2+ wave spreading between cells or Ca2+-related signaling 
during wounding, imply assessment of [Ca2+]i from a large number of cells. Cell 
segmentation of the obtained fluorescence images is one of the most time-
consuming steps in the analysis of Ca2+ imaging data. (Francis et al., 2014; Mukamel 
et al., 2009) The tools that allow for full or partial automatization of cell detection, 
as well as consequent fluorescence curves analysis, are highly beneficial for this 
process. To the best of our knowledge, no automatic tools for assessment of Ca2+ 
imaging data fine-tuned for RPE cells have been developed.  

The aims of this thesis were to evaluate mechanically induced intercellular Ca2+ 
waves and spontaneous Ca2+ activity in human RPE, to investigate the mechanisms 
of Ca2+ waves propagation, and to assess the effect of maturation and wounding on 
human RPE Ca2+ dynamics. For this, the experimental techniques of live-cell Ca2+ 
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imaging, time-lapse phase-contrast microscopy, PCR, and immunofluorescence 
staining were combined with image analysis tools developed for fast and efficient 
assessment of cellular Ca2+ dynamics, as well as mathematical modeling.  

With this research, we aimed at deeper understanding of Ca2+ signaling in RPE. 
This knowledge allows for better assessment of cellular functionality, which is 
essential for transplantations, drug discovery and toxicology tests. In addition, the 
knowledge of Ca2+ signaling can provide insights for a better control of wound 
healing processes and in-vitro cellular maturation. 
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2 LITERATURE REVIEW 

Retina is a multicellular structure that allows for light perception (Ryan et al., 2012). 
Despite its complex architecture, many diseases of the retina are associated with a 
rather simple monolayer of RPE cells lying just beneath the retina. A lot of effort 
has been put into research and clinical trials to replace the damaged RPE monolayer 
in the eye with healthy autologous or donor cells (Carr et al., 2013). The recent 
success of deriving RPE from human pluripotent cells has provided a vast supply of 
material for transplantation and drug testing (Nommiste et al., 2017). Critical 
assessment of in vitro generated RPE physiology is essential for successful 
implementation of these cells into clinical practice. 

2.1 RPE 

2.1.1 Functions of RPE 

RPE is the cellular monolayer located between neural retina and choroid (Fig. 1) 
(Strauss 2005, Sparrow 2010). RPE (Fig. 1) cells are crucial in maintaining 
photoreceptor viability. The RPE absorbs scattered light with their melanin granules. 
This allows for sharp vision and decreases photooxidative damage. Another major 
function is transportation of substances between blood and photoreceptor cells. 
(Fig. 1) From the subretinal space, the cells transport water, ions and photoreceptors 
waste products into the blood, while delivering nutrients (e.g., glucose, fatty acids) 
from blood to photoreceptors. (Ban and Rizzolo, 2000; Strauss, 2005) RPE cells are 
also responsible for renewal of rods and cones outer segments by phagocytizing shed 
photoreceptors membranes (Mazzoni et al., 2014). In addition, the RPE layer 
secretes different soluble factors essential for retinal and choriocapillaris (Fig. 1) 
integrity, such as vascular endothelial growth factor (VEGF) and pigment 
epithelium-derived factor (PEDF). (Bhutto et al., 2006) 
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Figure 1. Schematic image of an eye (the image re-drawn with modifications from Shirinifard et al., 
2012). CC – choriocapillaris; BrM – Bruch’s membrane; RPE – retinal pigment epithelium; 
RPE BaM – RPE basement membrane; ICL – inner collagenous layer; EL – elastin layer; 
OCL – outer collagenous layer; CC BaM – choriocapillaris basement membrane; 

Retinal photoreceptors detect light with a molecular complex that consists of an 
opsin protein attached to 11-cis-retinal. Upon the light absorption, 11-cis-retinal 
turns into all-trans-retinal activating opsin that further triggers phototransduction. 
The complex of opsin and all-trans-retinal is not photosensitive. To resume 
photosensitivity, all-trans-retinal is changed to 11-cis-retinal. The re-isomerization 
process takes place in RPE: the cells uptake all-trans-retinal that is formed in 
photoreceptors, re-isomerize it into 11-cis-retinal, and transport 11-cis-retinal to 
photoreceptors enabling their excitability. (Travis, 2007) 

2.1.2 RPE morphology 

The apical side of RPE cells (Fig. 1) faces photoreceptors and forms membrane 
extensions (microvilli) to envelope outer segments of rods and cones. (Sparrow 
2010) The basal side lays on Bruch’s membrane (Fig. 1) that separates RPE layer 
from choroid. The basal membrane of RPE has multiple complex folds that is typical 
for cells involved in transportation of ions and molecules. Lateral side of RPE cells 
has different types of cell-cell junctions: tight, adherence and gap junctions (Fig. 2). 
(Strauss, 2005) 
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Figure 2. Overview of junctions between cells. The image re-drawn with modifications from Alberts 
et al., 2015. 

2.1.2.1 Tight junctions 

Tight junctions (TJs) locate in the apical part of RPE (Fig. 1, 2). They connect the 
membranes of neighboring cells creating a barrier which prevents free diffusion of 
substances between the apical and basolateral sides through paracellular space 
forming the blood-retinal barrier. (Rizzolo, 2007) However, the TJs exhibit leakiness 
(Sparrow et al., 2010; Hu and Bok 2007). In chick embryo’s RPE, it has been 
demonstrated that the barrier properties of TJs depend on embryo’s age and culture 
conditions (Peng et al., 2003).  

Claudins and occludins are the major transmembrane proteins composing TJs. 
Claudins are the prime transmembrane proteins that form TJ strands. (Bauer et al., 
2014) They are tissue-specific (Bauer et al., 2014) and are considered to determine 
TJ selectivity to different ions (Colegio et al., 2002; Van Itallie et al., 2001), while 
occludins have regulatory functions (Bauer et al., 2014). Another important group 
of TJs proteins are cytoplasmic plaque proteins, such as zonula occludens protein 1 
(ZO-1), that connect transmembrane proteins with actin cytoskeleton and effector 
proteins (Rizzolo, 2007; Fanning et al., 1998). ZO-1 protein has been shown to 
interact with components of other junctions, including gap junctions (Giepmans and 
Moolenar, 1998; Palatinus et al., 2010).  
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2.1.2.2 Adherence junctions 

Adherence junctions are cell-to-cell contacts in epithelial and endothelial tissue. 
Adherence junctions connect actin skeletons of adjacent cells. (Fig. 2) These 
junctions consist of transmembrane cadherin proteins that form homodimers with 
cadherin molecules on neighboring cells, and intracellular catenin proteins that link 
to actin filaments in the cytoplasm. (Hartsock and Nelson, 2008) Most epithelial cells 
express E-cadherin (Gama & Schmitt, 2012). In RPE cells, due to its neural origin, 
N-cadherin has been demonstrated as the most abundant cadherin of adherence 
junctions (Lagunowich & Grunwald, 1989; Kaida et al., 2000). This results in slower 
formation of cell-cell junctions between dissociated epithelioid RPE cells compared 
to other epithelia (Kaida et al., 2000). 

2.1.2.3 Gap junctions 

Gap junctions (GJs) consist of two hemi-channels, each of which is located on 
membranes of two adjacent cells. (Fig. 2) The connected hemi-channels form an 
intercellular “gap” that brings into contact cytoplasm of the two cells. Hemi-
channels are formed by connexin (Cx) proteins that exist in different isoforms (Fig. 
3). (Saez et al., 2003) A connexin protein consists of two extracellular loops, four 
transmembrane domains, and a cytoplasmic loop (Laird and Revel, 1990; Oshima, 
2014). 



 

 24 

 

Figure 3. The structure of gap junctions. The image re-drawn with modifications from Alberts et al., 
2015. 

The type of Cx defines the pore size. Studies with uncharged tracers have shown the 
following order of the limiting pore sizes (from the smallest to the biggest): 

Cx46 < Cx37 < Cx32/Cx26 = Cx26 < Cx32 < Cx43 (Harris, 2007). 
Roughly, the maximum molecular weight of the substances that can pass through 

GJs is estimated to be 1500 (Saez et al., 1989). Recent studies show, however, that 
permeability of GJs is defined not only by the pore size and the size of the molecules 
passing through, but also by the charge of the permeants (Harris, 2007). For example, 
Cx32 GJs are slightly more selective for anions than cations (Suchyna et al., 1999), 
while Cx45 GJs are highly selective for cations (Veenstra et al., 1994).  
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IP3 and Ca2+ ions have been shown to permeate via different GJ channels. IP3 
can pass through GJs composed of Cx26, Cx26/Cx30, (Zhang et al., 2005) 
Cx26/Cx32, Cx32, (Clair et al., 2001) and Cx43 (Romanello and D’Andrea, 2001), 
while Ca2+ can permeate through GJs comprised from Cx32 (Saez et al., 1989), Cx37, 
Cx37/Cx43, and Cx43 (Christ et al., 1992). 

2.1.3 General biophysics of RPE membrane 

RPE cells establish ion homeostasis in subretinal space as well as respond to fast 
changes in ionic concentration occurring due to excitation of photoreceptors by 
coordinating the movement of ions and water across the membrane. 

Sodium gradient between subretinal space and RPE cytoplasm is maintained by 
Na+/K+-ATPase that is located in the apical membrane of RPE, unlike most other 
epithelia where it is located on the basal side. (Marmorstein, 2001) The main role of 
Na+/K+-ATPase is to support high Na+ environment that is required to maintain 
the dark current (Marmorstein, 2001). Na+/K+-ATPase transports 3 Na+ ions to the 
subretinal space in exchange for 2 K+ ions into the cytoplasm against concentration 
gradient using the energy of ATP. The K+ ions are then extruded via inward rectifier 
K+ channels back into the subretinal space increasing the efficiency of the Na+/K+-
ATPase. (Hughes et al., 1996; Kolb et al., 1995) 

The established gradient of Na+ drives Cl- ions into the RPE via the Na+/K+/2Cl-
-co-transporter and results in accumulation of Cl- in the RPE. The accumulated Cl- 
leaves the RPE from the basolateral side through a large number of various Cl- 
channels (Miller and Steinberg, 1977). 

Light excitation of photoreceptors leads to fast changes in ionic concentrations 
in the subretinal space that are compensated by RPE cells. In the dark, c-GMP-gated 
cation channels are open in photoreceptors: Na+ and Ca2+ ions leak into the 
cytoplasm of the outer segments, while K+ ions leak out of the inner segments. When 
the outer segments of photoreceptors are excited with photons, c-GMP-gated cation 
channels close. This reduces the outflow of K+ decreasing K+ concentration in the 
subretinal space. The concentration is lowered even further due to activity of 
Na+/K+-ATPase in the inner photoreceptor segments (Steinberg, 1985). (Kolb et 
al., 1995) The decrease of subretinal K+ concentration results in hyperpolarization 
of RPE apical membrane and subsequent activation of inward rectifier K+ channels. 
The activation of these channels results in K+ outflow from RPE to subretinal space 
compensating for light-induced changes (la Cour, 1985). 
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2.1.4 RPE-associated diseases 

Dysfunction of the RPE layer ultimately leads to degeneration of photoreceptors 
and vision loss. The RPE cells can lose their functionality due to ageing or inherited 
diseases (e.g., retinitis pigmentosa, Stargardt disease). They undergo numerous daily 
stress conditions, such as heating caused by the absorption of light, phototoxicity 
and oxidative damage (Carr et al., 2013). While ageing, the RPE layer decreases its 
performance in supporting retina reducing the efficiency of phagocytosis and 
accumulating toxic products (Kinnunen et al., 2012). These alterations in 
functionality lead to numerous age-related structural modifications in RPE cells, 
such as accumulation of lipofuscin, decrease in the amount of melanin granules, basal 
deposits and thickening in Bruch’s membrane (Bonilha, 2008). These structural and 
functional changes in RPE progress slowly during normal ageing and are more 
pronounced in the conditions of age-related macular degeneration disease (AMD) 
(Bonilha, 2008; Carr et al., 2013). Genetic predisposition as well as other factors, 
such as smoking and high blood pressure, have been linked to AMD (Kinnunen et 
al., 2011). 

AMD is the primary reason of blindness in elderly people living in developed 
countries (Klein et al., 2004; Bonilha, 2008). Early AMD can emerge in two forms: 
neovascular (“wet”) and atrophic (“dry”). In neovascular AMD, capillaries from 
choroid grow through Bruch’s membrane and RPE effusing fluid into subretinal 
space. (Bonilha, 2008) The progression of “wet” AMD can be slowed down with 
intraocular injections of VEGF inhibitors (e.g., Lucentis, Avastin, and Eylea), or with 
surgical ablation of neovascular membranes (Carr et al., 2013; Leach and Clegg, 
2015). Atrophic AMD is a more common form of the disease, constituting 80-90% 
of all patient cases (Clegg et al., 2013; Leach and Clegg, 2015). It is characterized by 
loss of RPE cells and photoreceptors in diseased regions. “Dry” AMD cannot be 
fully cured. (Leach and Clegg, 2015; Bonilha, 2008) 

Stargardt disease is another form of macula dystrophy that, unlike AMD, affects 
children and young adults. The disease is inherited via autosomal recessive mode. 
Most often, the disease has an onset in early childhood. It is manifested as 
progressive vision loss in both eyes that occurs as a result of foveal degeneration 
(Tanna et al., 2017). It has been demonstrated that degeneration of photoreceptors 
in Stargardt disease is triggered by the failure of RPE cells (Cideciyan et al., 2004). 

Because malfunction of a single layer of RPE cells results in the development of 
“dry” AMD and Stargardt disease, the regenerative medicine approaches are very 
promising for treating these disorders. Moreover, an eye itself is an excellent organ 
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for testing safety and efficacy of transplanted cells because it is the immune 
privileged site: an eye does not completely prevent the access of immune cells, but it 
can selectively allow them in to fine-tune reparation and healing processes (Benhar 
et al., 2012). In addition, it has a small size, so low number of cells would be sufficient 
for transplantation, and it allows for easy visual access to transplanted cells through 
cornea. (Leach and Clegg, 2015; Carr et al., 2013) 

2.1.5 RPE cell models overview 

2.1.5.1 Primary RPE 

RPE tissue of living or sacrificed vertebrates was the only source of these cells 
available for research before cell lines were established. The main advantage of using 
the tissue as RPE source is that the cells are growing as a monolayer and maintain 
their pigmentation and cobblestone morphology. (Fronk and Vargis, 2016) 
However, the number of cells that can be obtained with this method is very limited. 
In addition, these cells have low viability, possess donor-dependent variability, and 
can only be passaged a limited number of times because aging cells cannot divide 
due to alterations in their gene expression. (Rawes et al., 1997; Kuznetsova et al., 
2014) The RPE sheets have previously been collected from amphibians, birds, 
mammals, (Fronk and Vargis, 2016) as well as fetal (Maminishkis, 2006) and adult 
humans (Mannagh et al., 1973). The fetal (Algvere, 1997) and adult RPE from donors 
(Peyman, 1991) have been attempted for direct transplantation to AMD patients. 

2.1.5.2 Immortalized human RPE cell lines 

A cell line is a permanent cell culture that can proliferate for a long time when it is 
provided with fresh culture medium and enough space to grow. (Ulrich & Pour, 
2001) Cell lines offer an alternative for using tissue RPE from living or deceased 
specimens. Some human RPE cell cultures (ARPE-19, D207) have been 
immortalized allowing for prolonged maintenance. 

Macular degenerative disorders, such as AMD, implicate complex alterations in 
RPE physiology with various features specific to human eyes that cannot be 
modelled using animal tissues due to the cell functionality differences in species 
(Zeiss, 2010). In vivo observations in AMD patients are not enough to make 
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conclusions about the underlying cellular mechanisms of the disease. Therefore, in 
vitro human RPE cell cultures have become a valuable tool for studying disease-
related changes. (Forest et al., 2015) In addition, conditions of cell growth in cell 
culture are relatively easy to control and manipulate, which make these models 
suitable for usage in drug testing studies. 

ARPE-19 is a commercially available immortalized RPE cell line. It has been 
derived from a deceased 19-year-old human donor. (Dunn, 1996) ARPE-19 cell line 
provides a large supply of RPE cells and have been used in various studies (Morales 
et al., 2012; Qin and Rodrigues, 2012). The main disadvantage on ARPE-19 cells lies 
in their moderate morphological (e.g., low pigmentation, fusiform morphology) and 
functional differences from native RPE (Fronk and Vargis, 2016). Significant 
alterations in gene expression have been observed in ARPE-19 cells when compared 
to primary RPE (Samuel et al., 2017). Several studies have demonstrated that fine-
tuning of cell culture conditions can improve ARPE-19 morphology to better 
resemble native RPE phenotype (Samuel et al., 2017; Ahmado et al., 2011)

2.1.5.3 Pluripotent stem cell-derived RPE lines 

Human embryonic stem cells (hESC) offer an essentially unlimited supply of cells 
for transplantation therapies. Several studies have shown hESCs capacity to 
differentiate towards RPE (Klimanskaya et al., 2004; Carr et al., 2009; Vaajasaari et 
al., 2011). 

The so-called embryoid body method is widely used to differentiate hESCs into 
RPE cells. In this method, hESCs are cultured in the media designed to induce 
differentiation for 1-3 weeks (Rowland et al., 2012). Then, the cells are plated on an 
adherent substrate, such as laminin, and the first signs of pigmentation are observed 
within 10 days (Vaajasaari et al., 2011). 

 In in-vitro, hESC-RPE express genes and proteins typical for primary RPE cells, 
form a highly polarized epithelial layer, secrete PEDF from the apical side and 
VEGF from the basal side, and possess barrier properties similar to cultured human 
RPE. HESC-RPEs are able to phagocytize photoreceptor outer segments through 
the same MERTK-specific mechanism as native RPE. (Carr et al., 2013; Liao et al., 
2010) 

With proteomics analysis, it has been demonstrated that hESC-RPE cells express 
the majority of proteins (more than 80%) at the same level as native human RPE, 
while only 7-8% of proteins are upregulated and 11% are downregulated. HESC-
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RPEs have been found to have mitochondria dysfunction and decreased levels of 
oxidative phosphorylation. (Hongisto et al., 2017) 

Somatic cells can be reprogrammed to become pluripotent. Initially, adult mouse 
fibroblasts have been genetically manipulated to enter the pluripotent state by 
transduction of four defined Yamanaka’s factors (Takahashi and Yamanaka, 2006), 
and later similar procedures have been performed on human fibroblasts (Takahashi 
et al., 2007). This type of cells is called induced pluripotent stem cells (iPSCs). 
Various cell types (e.g., blood cells (Loh et al., 2009), exfoliated renal tubular 
epithelial cells (Zhou et al., 2011), keratinocytes (Aasen et al., 2008)) can be 
transformed into iPSCs. iPSCs resemble ESCs and can be differentiated to virtually 
any cell type. The technology of human iPSCs (hiPSCs) has introduced a new 
approach to studying cell functionality without the need of using human embryos. 
The hiPSC-derived cell cultures provide a new patient-specific approach for drug-
testing and disease modeling (Malik and Rao, 2013). Differentiation of hiPSCs 
towards RPE has been reported in various studies (Buchholz et al., 2009; Carr et al., 
2009). hiPSC-RPE grafts have been considered to have lower probability of rejection 
because such grafts are derived from patients’ own cells. Recent studies, however, 
show that hiPSC-derived cells do exhibit immunogenicity that may affect graft 
transplantations (Taylor et al., 2011; Fu, 2014; Liu et al., 2017) Another safety 
concern of hiPSC-derived grafts is their genomic instability. (Liu et al., 2017) 

2.1.5.4 Limitations of RPE cell models 

The physiology of RPE layer is strongly interconnected with processes occurring in 
retina (Benedicto et al., 2017). Thus, observations made with RPE cell cultures 
should be confirmed in vivo. 

To better mimic in vivo conditions, various methods of co-culturing RPE cells 
with photoreceptors (and its progenitors) and whole retinas have been used. (Deng 
et al., 2010; Kaempf et al., 2008; Simmons et al., 2011; Zhao et al., 2014; Amirpour 
et al., 2013) 

2.1.6 Maturation markers of RPE 

When pluripotent cells are differentiated towards RPE, the appearance of 
pigmentation and the expression of RPE-specific genes (such as MERTK, RPE65, 
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MITF, and bestrophin) are generally used to assess the maturation status of the 
produced cells (Bennis et al., 2017; Leach et al., 2016).  

MERTK is a protein involved in the phagocytosis of shed photoreceptor outer 
segments. Genetically modified mice that do not express MERTK or its ligands, are 
not able to perform phagocytosis (Feng et al., 2002; Mazzoni et al., 2014). 

RPE65 plays an important role in the visual cycle. It is an isomerohydrolase that 
converts all-trans-retinyl ester to 11-cis-retinol (Moiseyev et al., 2005). The 
expression of RPE65 has been shown in hESC-RPE on day 28 of differentiation, 
but not on day 7 (Vaajasaari et al., 2011). 

MITF is a protein that regulates differentiation of RPE and melanocytes. In 
addition, it is involved in melanogenesis. (Shibahara et al., 2001) 

Bestrophin acts as an anion channel, as well as a regulator of intracellular Ca2+ 
signaling. Malfunctions of this protein lead to several retinal degenerative disorders 
– “bestrophinopathies”. (Johnson et al., 2017) In hESC-RPE, the expression of 
bestrophin was observed after approximately 28 days of culture (Vaajasaari et al., 2011). 

2.1.7 HESC and hiPSC-RPE transplants for treatment of macular 
degeneration 

2.1.7.1 Recent clinical trials 

Retina is considered the optimal site for cell-based therapies for several reasons. 
First, the subretinal space is the immune-privileged site, thus, the probability of graft 
rejection is lower than in other sites. Second, relatively small number of cells can 
comprise a successful transplant, and the transplanted cells can be visualized directly, 
without the need of biopsy. Third, a variety of non-invasive methods that are 
routinely used in ophthalmology can be used to assess the therapeutic effect. 
(Schwartz et al., 2016) Finally, in case of adverse effects, an eye can be dissected as 
it is a relatively isolated system. 

The first human clinical trial involving hESC-RPE cells have been performed by 
Schwartz et al. (2012) The cells were delivered to the AMD patients’ eyes via 
injections (Swartz et al., 2012). The 4-year follow-up showed absence of severe 
transplantation side effects and moderate functional improvements (Swartz et al., 
2016). 

Another clinical trial for hESC-RPE transplantation have been performed by da 
Cruz et al. (2018). In this trial, the fully differentiated hESC-RPE cells were placed 
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on a synthetic basement membrane. The authors reported successful delivery and 
survival of the grafts and improvement in patients’ visual acuity over a period of 12 
months. (da Cruz et al., 2018) 

Mandai et al. have transplanted hiPSC-RPE into patients with AMD. The hiPSC 
were derived through reprograming patients’ own fibroblasts. One year after the 
surgery, the transplants were intact, and the visual acuity was not changed. (Mandai 
et al., 2017) 

2.1.7.2 Evaluation of RPE-specific features prior to transplantation 

Before transplanting hESC-RPE cells into an eye to rescue photoreceptors, it is 
critically important to ensure hESC-RPE similarity to native RPE not only 
morphologically, but also functionally because manufacturing manipulations can 
result in epithelial to mesenchymal transition and senescence (Grisanti et al., 1995). 

In RPE cells, Ca2+ ions play a major role in controlling such important 
physiological processes as differentiation, dark adaptation of photoreceptor activity, 
trans-epithelial transport of ions and water, phagocytosis, and secretion of growth 
factors (Wimmers et al., 2007). Hence, evaluation of Ca2+ signaling may serve to 
assess RPE functionality. 

2.2 Ca2+ signaling 

2.2.1 Ca2+ signaling general background 

Calcium is a universal intracellular messenger that controls vital cellular functions 
(Berridge et al., 2012). It has been shown to trigger and modulate cell division (Pande 
et al., 1996; Humeau, 2018), migration (Wei, 2012), contraction (Cheng et al., 1993), 
exocytosis (Beutner et al., 2001), endocytosis (Sankaranarayanan and Ryan, 2001), 
necrosis (Kruman and Mattson, 1999), apoptosis (Pinton et al., 2008), and other 
physiological processes (Islam, 2012). 

Concentration of free cytosolic Ca2+ inside cells ([Ca2+]i) is maintained as low as 
100 nM with a 1:10,000 gradient between intra- and extracellular space. However, 
the total amount of Ca2+ inside cells is quite high because Ca2+ is stored in special 
compartments, such as endoplasmic reticulum (ER). Upon activation, [Ca2+]i 
transiently increases up to 1000 nM. The [Ca2+]i transients occur by means of various 
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“on” and “off” reactions that serve to increase and then decrease [Ca2+]i. Stimulation 
triggers the “on” reactions that result in Ca2+ entry into the cytoplasm either from 
extracellular space through the channels located on plasma membrane, or via indirect 
routes that recruit messengers to release Ca2+ from intracellular Ca2+ stores. Most of 
the entered Ca2+ ions bind to cytoplasmic buffer proteins. However, the non-
buffered Ca2+ ions can directly bind to proteins changing their function. (Berridge, 
2003; Bootman, 2012) Ca2+ responses vary greatly in temporal and spatial dynamics 
allowing for switching on a range of effectors, each of which is sensitive to a certain 
pattern of [Ca2+]i dynamics. These effectors regulate a number of physiological 
processes from very fast ones (e.g. exocytosis, muscle contraction) to slow ones (e.g., 
transcription, cell proliferation). (Berridge, 2003; Wimmers et al., 2007) During the 
“off” reactions, Ca2+ dissociates from the effectors and buffer proteins and is actively 
eliminated from the cytoplasm via a number of exchangers and pumps to the 
extracellular space and to the intracellular Ca2+ stores. (Berridge, 2003) 

2.2.2 Ca2+ homeostasis in RPE 

The [Ca2+]i level is regulated by the equilibrium between the efflux of Ca2+ from 
cytoplasm and the Ca2+ influx into cytoplasm. To maintain proper [Ca2+]i, RPE cells 
express various Ca2+ transporting proteins. The scheme of major Ca2+ fluxes in and 
out of cytoplasm are presented in Fig. 4.  

RPE contains higher concentration of Ca2+ than most other cells because 
melanosomes are able to uptake and store large amounts of Ca2+. The total amount 
of Ca2+ in the RPE cells directly correlates with the level of pigmentation. (Salceda 
and Riesgo Escovar, 1990) 
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Figure 4. Major Ca2+ fluxes in and out of cytoplasm. The bold solid (red) arrows indicate the 
processes that increase [Ca2+]i. The bold dashed (blue) arrows indicate the processes that 
decrease [Ca2+]i. The image was re-drawn with modifications from Bootman, 2012. 

2.2.2.1 Ca2+ efflux from the cytoplasm 

The most studied transporter that eliminates free Ca2+ from the cytoplasm to 
maintain low [Ca2+]i is the Na+/ Ca2+ exchanger (NCX). It removes one Ca2+ ion 
from the cytoplasm in exchange for 3 Na+ ions that enter the cell. NCX has been 
identified as a cardiac subtype in RPE. (Mangini, 1998) In case of strong 
depolarization, the exchanger can switch its working direction. (Wimmers et al., 
2007) 

The work of the NCX is supported with plasma membrane Ca2+-ATPase 
(PMCA) that allows transportation of Ca2+ against the concentration gradient. 
PMCA has been found in human RPE (Kennedy and Mangini, 1996), and four 
isoforms of PMCA have been described in porcine RPE (Kennedy et al., 2007). 

Ca2+ ions are removed actively from the cytoplasm not only to the extracellular 
space, but also to the intracellular Ca2+ stores. The sarcoendoplasmic reticulum 
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calcium transport ATPase (SERCA) transports Ca2+ from the cytoplasm to the ER 
(Periasamy, 2007). In RPE, the presence of SERCA has been shown indirectly by 
application of SERCA-specific blocker thapsigargin, which resulted in ER depletion 
(Stalmans and Himpens, 1998). 

In addition to pumping Ca2+ out actively from the cytoplasm, Ca2+ ions can 
diffuse from the cytoplasm to neighboring cells via intercellular GJs. (Fig. 3) GJs act 
as gates for Ca2+, as well as other small ions and molecules, efflux/influx between 
cells. (Rottingen and Iversen, 2000) 

2.2.2.2 Ca2+ influx into the cytoplasm 

There are two main routes of Ca2+ entry into the cytoplasm. First is the Ca2+ influx 
from extracellular space via special protein channels on plasma membrane that open 
in response to certain stimuli (e.g., ligand binding, depolarization) and allow for 
direct Ca2+ entry into the cytoplasm from extracellular space. Second is the release 
of Ca2+ from intracellular Ca2+ stores. 

Many organelles, such as mitochondria (Contreras et al., 2010), Golgi apparatus 
(Micaroni, 2012), endosomes (Gerasimenko et al, 1998), and lysosomes (Lloyd-
Evans et al., 2010) are involved in Ca2+ signaling as they act as intracellular Ca2+ 
stores. However, generally, ER is considered the main Ca2+ pool inside cells 
(Contreras et al., 2010). 

Ca2+ release from ER is controlled by inositol-1,4,5-trisphosphate receptors 
(IP3R) and ryanodine receptors (RyR). (Berridge, 2003)  

Three different ITPR genes encode IP3R family producing three subtypes of 
IP3R: IP3R1, IP3R2, and IP3R3 (Terry et al., 2018). These subtypes have similar 
basic properties, but differ in regulation (e.g., with small molecules, such as ATP). 
This allows for emergence of unique spatial and temporal [Ca2+]i patterns. (Hattor et 
al., 2004) The opening of IP3R pore on ER requires the presence of both IP3 and 
Ca2+. IP3 binds to IP3R and promotes binding of Ca2+ to a Ca2+-binding site of the 
receptor. (Colin and Tovey, 2010) Ca2+ effect on IP3R is biphasic: low [Ca2+]i 
increases the response of the receptor to IP3, while high [Ca2+]i has inhibitory effect. 
IP3R has been identified in different epithelia, for example, intestinal (Maranto, 
1994) and airway (Sugiyama, 1996). 

RyR is activated and deactivated by Ca2+ in the same manner as IP3R: RyR is 
inactive at nanomolar and millimolar [Ca2+]i levels, but active at micromolar [Ca2+]i. 
RyR has been shown to take part in Ca2+ signaling in rat RPE (Himpens et al., 1999) 
and ARPE-19 (Wimmers et al., 2008). 
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Activation of some receptors can stimulate a [Ca2+]i transient. For example, 
purinergic P2X receptors act as ligand-gated ion channels and allow extracellular 
Ca2+ into the cytoplasm directly upon binding. Activation of other receptors, such 
as purinergic P2Y receptors, results in Ca2+ release from intracellular Ca2+ stores 
only, without recruiting extracellular Ca2+. (Wimmers et al., 2007) 

Below, the functionality of various receptors and channels that are implicated in 
increasing [Ca2+]i is discussed. 

Voltage-gated Ca2+ channels 

Voltage-gated Ca2+ channels open in response to membrane depolarization. These 
channels are highly selective for Ca2+ conductance over other ions. L-type Ca2+ 
channels are activated by high voltage, have slow inactivation and high conductance, 
while T-type Ca2+ channels are activated by low voltage, have fast inactivation and 
low conductance. (Catterall, 2011) L-type voltage-gated Ca2+ channels have been 
characterized in primary cultures and freshly isolated RPE cells, as well as in RPE 
cell lines. (Wimmers et al., 2007) Vainio et al. have demonstrated both L- and T-type 
Ca2+ channels in hESC-RPE (Vainio et al., 2014; Korkka et al., 2018). The channels 
are considered to be involved in regulation of growth factor secretion (Rosenthal, 
2005) and transportation of Cl- and water (Wimmers et al., 2007). In addition, 
voltage-gated Ca2+ channels have been shown to take part in the generation of the 
light peak in the human electro-oculogram (Rosenthal, 2006). 

Transient receptor potential (TRP) Ca2+ channels 

TRP channels can be activated by various stimuli, for example, G protein subunits, 
depletion of Ca2+ stores, metabolites of IP3/Ca2+ second messenger pathway, 
temperature and pH change. In ARPE-19 cells, TRP channels define the resting 
[Ca2+]i. (Wimmers and Strauss, 2007) TRP channels have also been found in human 
fetal RPE. There, these channels act as Ca2+ sensors in the subretinal space. (Zhao, 
2015) 

Stretch-sensitive channels 

Stretch-sensitive Ca2+ channels (SSCC) have been identified in a number of cell 
types. SSCC locate on cellular membranes and open in response to mechanical 
pressure. The channels close when mechanical stress is released or when cells adapt 
to the pressure by decreasing their sensitivity through reinforcing adhesion structures 
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or global repositioning of the stressed adhesions (Matthews et al., 2006). These 
channels control cell shape, volume and motility. (Hamil, 2006) Numerous articles 
have reported RPE to be sensitive to mechanical pressure (Sachs, 2010). In RPE 
cells, membrane stretch has been demonstrated to affect Ca2+-activated potassium 
channels (Sheu et al., 2005), but to the best of our knowledge, no direct evidence of 
the presence of SSCCs in RPE has been presented to date. 

Glutamate receptors 

Glutamate can activate both ligand-gated ion channels and G protein coupled 
receptors (Kew and Kemp, 2005). The RPE express both types of the receptors 
(Feldman et al, 1991, Fragozo and Lopez-Colome, 1999). Glutamate has been 
proposed to regulate dark adaptation of photoreceptors and phagocytic activity of 
RPE (Wimmers et al., 2007). 

P2X receptors 

P2X receptors act as ion channels. They can be activated by ATP, and with much 
lower efficiency by ADP. P2X receptors cannot be activated by AMP, adenosine or 
other purines or pyrimidines. Ligand binding results in channel opening that 
selectively conducts small cations (Ca2+, Na+, K+), but not anions. (North and Jarvis, 
2013) The expression of P2X receptors has been demonstrated in primary RPE cells 
(Ryan et al., 1999; Yang, 2011), as well as ARPE-19 cell line (Dutot et al., 2008). P2X 
receptors have been shown to induce apoptosis in human RPE. In other cell types, 
P2X receptors are involved in oxidative stress and inflammation, which are also 
implications in AMD. Therefore, these receptors are potential key players in AMD 
pathogenesis. (Yang, 2011) 

P2Y receptors 

P2Y receptors act as G protein-coupled receptors activated by ATP and other 
extracellular nucleotides (von Kügelgen and Hoffmann, 2016). The ligand binding 
causes conformational change of a G protein. Next, -subunit exchanges GDP for 
GTP, which results in G protein dissociation into a GTP-bound -monomer and a 

-dimer. In next step, GTP-bound –monomer activates phospholipase C (PLC), 
which then hydrolyzes membrane-bound phosphatidylinositol-4,5-bisphosphate 
(PIP2) into inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). The IP3 
then activates receptors on endoplasmic reticulum releasing Ca2+ into the cytoplasm. 
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In addition, both Ca2+ and DAG activate protein kinase C (PKC). PKC is a major 
effector of cellular functional regulation. Receptor activation is terminated by G 
protein-coupled receptor kinases and arrestins. (Stone and Molliver, 2009) The RPE 
cells express P2Y receptors (Peterson et al., 1997, Tovell, 2008). Their activation has 
been reported to increase membrane conductance of Ca2+, Cl-, and K+ and transport 
of ions and fluids across epithelia (Peterson et al., 1997; Ryan et al., 1999). 

In chapter 2.2.3 the importance of Ca2+ signaling triggered by ATP is discussed. 

2.2.3 The role of Ca2+ signaling triggered by ATP in RPE 

ATP, that acts not only as an energy mediator, but also as a modulator of cell signals, 
can activate P2X and P2Y receptors in RPE, as described earlier. ATP acts as an 
intercellular messenger. RPE cells can be stimulated by ATP that comes from other 
cells through paracrine signaling or can release ATP themselves inducing autocrine 
signaling. (Wimmers et al., 2007) 

It has been proposed that ATP signaling between RPE and developing retina is 
essential for retinal cell proliferation and differentiation. For example, application of 
extracellular ATP to neural retinal progenitor cells increased the speed of mitosis by 
activating P2Y receptors (Pearson, 2002). Pearson et al. have shown that ATP was 
released by RPE cells through spontaneous openings in GJ hemi-channels (Pearson 
et al., 2005). 

In the mature RPE layers, ATP increases flows of ions and water from subretinal 
space towards choroid. It has been shown that application of ATP (or UTP) to 
bovine RPE resulted in cellular [Ca2+]i transients and subsequent increase in fluid 
absorption. (Peterson et al., 1997) 

In pathological conditions, RPE cells have been shown to release ATP during 
swelling (Mitchell, 2001). The RPE swelling is typical in retinal degeneration diseases. 
Thus, chronic swelling that accompanies these medical conditions could lead to 
continuous increased ATP release that contributes to the development of the 
diseases. (Guha et al., 2013) Moreover, Guha et al. have suggested that the 
concentration ratio of extracellular ATP and adenosine may affect lipofuscin 
production in AMD (Guha et al., 2014). 
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2.2.4 Spontaneous [Ca2+]i transients 

[Ca2+]i can elevate in cells without application of an external stimulus. Spontaneous 
[Ca2+]i transients have been observed in various tissues, such as developing retina 
(Catsicas et al., 1998), smooth muscle cells (Dabertrand et al., 2008), glia (Mathiesen 
et al., 2013), cardiomyocytes (Lukyanenko and Györke, 1999), mesenchymal stem 
cells (Kawano et al., 2002), capillary epithelia (Ying et al., 1996), and other (Leybaert 
and Sanderson, 2012). 

In developing chick retina, the spontaneous [Ca2+]i spikes have been observed 
from day 8 embryos onwards. The spikes reached their peaks within 2-3 seconds and 
then decayed back to initial [Ca2+]i within 20-30 seconds. The spontaneous [Ca2+]i 
transients propagated as Ca2+ waves towards neighboring cells to a 1 mm distance at 
a speed of 150 μm/s. It was determined that extracellular Ca2+ was the main source 
of the [Ca2+]i increases. The Ca2+ waves could be blocked with the GJ blocker 
octanol. (Catsicas, 1998)  

Pearson et al. have shown that RPE cells in chick embryos exhibited spontaneous 
[Ca2+]i transients in individual cells, 5 to 10 per cent of which propagated as 
intercellular Ca2+ waves (Pearson et al., 2004). The waves spread with the speed of 9 
± 1 μm/s to 10-20 neighboring cells away from the trigger cells. The direct 
measurements of ATP with ATP-sensitive biosensors showed that RPE cells 
secreted ATP. Moreover, the authors provided evidence that ATP was 
spontaneously released by trigger cells through Cx43 uncoupled hemi-channels. The 
blockade of these ATP releases resulted in markedly reduced speed of cell division 
in the underlying progenitor retina. (Pearson et al., 2005)  

Spontaneous [Ca2+]i transients play a major role in cell proliferation and 
differentiation. For example, in Xenopus laevis Ca2+spontaneously released from ER 
through activation of RyR have been shown to control differentiation of myocytes 
towards somites (Ferrari, 1998). In addition, spontaneous [Ca2+]i transients have 
been demonstrated to occur in the G1 to S transition phase of the cell cycle in neural 
progenitor and undifferentiated cells. The transients depended on voltage-gated Ca2+ 
channels and IP3R. (Resende et al., 2010) 

To our knowledge, spontaneous Ca2+ activity has not been previously studied in 
hESC-RPE cells. 
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2.2.5 Cellular mechanosensitivity and mechanically induced Ca2+ waves 

Electrophysiological recordings obtained from vertebrate hair cells were pioneer 
experiments that proposed the presence of ion channels directly activated by 
mechanical stimuli (Corey and Hudspeth, 1979). Later, mechanosensitive ion 
channels have also been found in non-sensory tissues, for example, in skeletal muscle 
(Guharay and Sachs, 1984). Since then, a number of mechanosensitive channels have 
been discovered. Among them are mechanically activated sodium channels (Chalfie, 
2009), transient receptor potential ion channels (AbouAlaiwi et al, 2009), potassium 
channels (Brohawn et al., 2014), and piezo ion channels (Coste et al., 2010) These 
channels are considered to be activated by the mechanical force that is transduced 
through the lipid bilayer with possible involvement of auxiliary force transmission 
proteins (e.g., extracellular matrix or cytoskeleton proteins). (Ranade et al., 2015) 

Single cell mechanical stimulation (with, e.g., with a glass micropipette) evokes 
[Ca2+]i transients in the stimulated cell that travel to neighboring cells in a wave-like 
manner. These mechanically induced Ca2+ waves have been observed in various cell 
types: epithelial cells (Churchill et al., 1996; Stalmans and Himpens, 1998), glial cells 
(Charles et al., 1991), hepatocytes (Schlosser et al., 1996), neurons (Charles et al., 
1996), osteoblasts (Xia and Ferrier, 1992), endothelial cells (D’hondt et al., 2007). 

There are two possible routes of transient [Ca2+]i propagation between cells: gap 
junctional and paracrine. 

2.2.5.1 Gap junctional propagation route 

Mechanical stimulus results in membrane stress that triggers IP3 production in the 
stimulated cell. IP3 then diffuses towards the ER and activates IP3R. This causes 
[Ca2+]i increase that is further amplified through the activation of RyR. The 
remaining IP3 can diffuse together with Ca2+ ions through GJs to adjacent cells, 
initiating [Ca2+]i transients. (Leybaert and Sanderson, 2012) 

A number of studies have proved the ability of IP3 to diffuse via GJs (Fig. 3) 
and take part in the Ca2+ wave propagation (Leybaert and Sanderson, 2012). In one 
of the studies, cells with a mutant Cx26 that were impermeable to IP3 were not able 
to produce intercellular Ca2+ waves in response to IP3 injection (Beltramello et al., 
2005). 

Ca2+ ions can also pass through GJs. However, unlike IP3, Ca2+ ions are strongly 
buffered in the cytoplasm (Berridge, 2003). The buffering is one of the mechanisms 
to control the number of free cytosolic Ca2+ ions, when the ions are bound to or 
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released from special cytosolic molecules. It happens rapidly compared to Ca2+ 
sequestration to the intracellular stores. (Gilabert, 2012) The Ca2+ buffering restricts 
Ca2+ diffusion across the cytoplasm and, thus, chances to reach a neighboring cell 
via GJs. The effective diffusion coefficient for IP3 is 280 μm2/s, while for Ca2+ it is 
only 13 μm2/s (Allbritton et al., 1992). Hence, it is more likely that IP3 has a greater 
impact than Ca2+ in propagating Ca2+ waves to the neighboring cells.

The involvement of GJs in mechanically induced Ca2+ waves spreading has been 
shown in a number of cell types (Sanderson et al., 1990; D’Andrea and Vittur, 1996; 
Boitano et al., 1992; Gomes et al., 2006; Churchill et al., 1996; Himpens et al., 1999). 
When glioma cells that lacked GJs were mechanically stimulated, the resulting [Ca2+]i 
transient was restricted to the stimulated cell and did not propagate as a wave. 
However, when the cells were transfected with Cx43 and gained electrical coupling, 
the mechanical stimulation resulted in intercellular Ca2+ waves. Moreover, the 
distance of the Ca2+ wave propagation was directly proportional to the Cx43 
expression level. Similar results were obtained after transfection of cells with Cx26. 
(Charles et al., 1992) 

2.2.5.2 Paracrine propagation route 

Cells can use a paracrine route as an alternative or together with gap junctional route 
of Ca2+ wave propagation. Upon stimulation, a cell can release ATP via unopposed 
Cx hemi-channels, anion channels, or vesicular release. ATP diffuses from the 
stimulated cell activating P2 receptors on neighboring cells, which triggers IP3 
production and, subsequently, [Ca2+]i increases. (Leybaert and Sanderson, 2012) 

When an extracellular factor takes part in intercellular Ca2+ wave propagation, the 
waves are able to “jump” over cell-free lanes. In addition, perfusion flow usually 
affects the direction of the wave spreading. (Leybaert and Sanderson, 2012) 

The mechanical stimulation has been reported to induce ATP-dependent 
signaling in different cell types including endothelial cells (Gomes et al., 2005), 
epithelial cells (Homolya et al., 2000), and hepatocytes (Schlosser et al., 1996). 

In retinal astrocytes and Müller cells, mechanical stimulation has been shown to 
induce ATP release. ATP concentration at the stimulation site was at the level of 78 
μM, while at a distance of about 100 μm from the stimulation site, the concentration 
decreased to 7 μM. (Newman, 2001) It has been demonstrated that [Ca2+]i transients 
lagged behind ATP propagation (ATP diffusion speed was 41 μm/s, while Ca2+ wave 
propagation speed was 28 μm/s), which was also consistent with modeling results 
(Newman, 2001; Bennett et al., 2005). 



 

 41 

2.2.5.3 Mechanically induced Ca2+ waves in RPE 

Mechanically induced Ca2+ waves have been investigated in several rat RPE cell lines. 
Rat RPE has been shown to produce intercellular Ca2+ waves upon mechanical 
stimulation (Stalmans and Himpens, 1997; Gomes et al., 2003). The Ca2+ wave 
propagation depended on Cx43 GJ route of propagation and had no evidence of 
paracrine route of the wave spreading (Stalmans and Himpens, 1997; Stalmans and 
Himpens, 1999). The Ca2+ waves could be inhibited by high glucose concentrations 
(above 14 mM) and by activation of PKC (Stalmans and Himpens, 1997; Stalmans 
and Himpens, 1999; Gomes et al., 2003). Depletion of intracellular Ca2+ stores with 
thapsigargin significantly reduced the amplitudes of [Ca2+]i transients but could not 
fully block the wave spreading. 

2.2.6 [Ca2+]i measurements with fluorescent dyes 

Ca2+ concentrations are routinely measured in cellular cytoplasm with fluorescent 
indicators. In general, molecules of such indicators consist of a Ca2+-biding part and 
a fluorescent part.  

Fluorescent Ca2+ dyes are classified as ratiometric (dual wavelength) and non-
ratiometric (single wavelength) dyes. (Vetter, 2012) 

2.2.6.1 Ratiometric dyes 

Ratiometric dyes shift their excitation or emission spectra upon binding of Ca2+. 
These dyes contain electron-donating and electron-accepting groups within one 
molecule. Upon a photon absorption by a fluorophore, electrons move from the 
donor side to the acceptor side. When a metal interacts with an electron-donating 
group, the electron donating capacity of the group decreases. This leads to the blue-
shift of the absorption spectrum. When a metal interacts with an electron-accepting 
group, the internal charge transfer increases resulting in the red-shift of the 
absorption spectrum. (Atwood, 2017) Fura-2 is a ratiometric dye. Its Ca2+-free form 
has an excitation maximum at 362 nm, while the excitation maximum of a Ca2+-
bound form is at 335 nm. The binding of Ca2+ is also accompanied by a two-fold 
increase in fluorescence emission intensity. The emission maximum, however, 
virtually stays unchanged at about 510 nm. The measurements are performed by 
altering excitation wavelengths from 340 to 380 nm with a minimum time delay. The 
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ratio of emitted fluorescence intensities F340/F380 is used to follow the changes of 
[Ca2+]i. The value of the ratio does not depend on the absolute fluorescence 
intensities. This is beneficial because it eliminates several measurement artefacts that 
normally affect single-wavelength dyes, such as dye leakage, photobleaching, and 
other. (Dustin, 2000) Most ratiometric dyes have excitation maxima in the ultraviolet 
range. Therefore, the main disadvantages of these dyes include cellular photodamage 
and increased autofluorescence that occur due to exposure to the ultraviolet light. 
(Vetter, 2012) 

2.2.6.2 Non-ratiometric dyes 

Non-ratiometric dyes increase fluorescence emission intensity upon Ca2+ binding. 
In the ion-free form, the fluorescence of the fluorophore is quenched, for example, 
via electron transfer from the aniline donor. Upon binding of Ca2+, the electron 
transfer becomes thermodynamically unfavorable, which results in the fluorescence 
increase. (Batat et al., 2012) Non-ratiometric dyes do not exhibit emission or 
excitation shift when binding to Ca2+, which allows for faster [Ca2+]i measurements 
with simple imaging protocols. These dyes usually work in the visible range that does 
not cause as much phototoxicity as ultraviolet light that is often used with ratiometric 
dyes. In addition, because these dyes can be excited with one wavelength and emit 
one wavelength, this eliminates the necessity of using complex equipment. The main 
disadvantage of non-ratiometric dyes is that their emission intensity is affected by 
the dye concentration, dye leakage and photobleaching. Thus, [Ca2+]i measurements 
performed with non-ratiometric dyes tend to be less accurate. The time-based 
ratioing has been proposed to overcome these disadvantages. In this approach, the 
fluorescence intensity is calculated relative to a baseline fluorescence value. (Minta 
et al., 1989; Smith and Augustine, 1988)  

Fluo-4 is an example of non-ratiometric dye with the absorption maximum at 494 
nm, and emission maximum at 516 nm (Gee et al., 2000). When fluo-4 molecules 
bind to Ca2+, its fluorescence intensity has more than a 100-fold increase. 

2.2.6.3 Loading of dyes into cells 

Acetoxymethyl (AM) ester loading has become one of the most popular techniques 
of dye loading due to its simplicity (Vetter, 2012). In this technique, a heavy anionic 
fluorescent Ca2+ probe that is unable to pass through a lipid bilayer of a cellular 
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membrane is attached to lipophilic AM groups. This makes the dyes membrane-
permeable. Once in the cytoplasm, cellular esterases hydrolyze the AM tails trapping 
the dye inside the cell as it is not able to cross the cellular membrane again without 
the AM group. Many Ca2+-fluorescent dyes, including fura-2 and fluo-4, are 
commercially available as “AM” forms. The protocols for cell loading are simple: the 
cells are incubated with the dye, and the excess dye is then washed from the 
extracellular media. 

The disadvantages of the AM dyes are compartmentalization (Di Virgilio et al., 
1990), incomplete AM esters hydrolyzation, and dye extrusion via anion transporters 
(Vetter, 2012).  

The compartmentalization can be reduced by performing dye loading at room 
temperature rather than at 37 oC, while AM esters hydrolyzation is more effectively 
performed at physiological temperatures, i.e. 37 oC (Vetter, 2012). Dye extrusion can 
be reduced by using anion channels inhibitors, for example, probenecid (Di Virgilio 
et al., 1990), however, this can also alter cellular physiological processes. Conducting 
the imaging at room temperature can also minimize dye extrusion (Paredes et al., 
2008). 

To conclude, the optimal conditions of the dye loading need to be determined 
experimentally for each cell type. In general, loading cells with a Ca2+-sensitive AM 
ester dyes and performing measurements as quickly as possible at room temperature 
tend to work for the majority of cell types. 

2.2.6.4 Genetically encoded Ca2+ indicators (GECI) 

GECIs are fluorescent [Ca2+]i reporters that can be incorporated into the genome of 
tissues and even organisms and allow for long-term in vivo measurements of [Ca2+]i 
(Koldenkova and Nagai, 2013). In contrast to fluorescent Ca2+ dyes, GECIs can be 
designed to express in specific cell compartments, populations or organs (Tian et al., 
2012). GECIs are chimeric fluorescent proteins that consist of a Ca2+-binding 
domain attached to one or two fluorescent proteins. The Ca2+ binding domain 
usually represents a part of a calmodulin or troponin C proteins. (Tian et al., 2012; 
Koldenkova and Nagai, 2013) Binding of Ca2+ to the Ca2+-binding domain results 
in interaction of this domain with the fluorescent protein, which in turn changes 
fluorescence properties of the GECI (Tian et al., 2012). 
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2.2.6.5 Limitations of using Ca2+-sensitive dyes 

One of the main concerns about using Ca2+-sensitive dyes in general is their 
buffering capacity. To produce the signal, Ca2+-sensitive dyes bind to Ca2+ ions 
reducing Ca2+ concentration in the cytoplasm and changing the Ca2+ dynamics 
pattern. The dyes tend to lower the amplitude of Ca2+ spikes in the cells and increase 
the time of the signal decay. (McMahon and Jackson, 2018; Tian et al., 2012) 

2.2.7 Cell detection on fluorescence images 

The fluorescence images obtained in Ca2+ imaging experiments are often analyzed 
manually (Gomes et al., 2003; Dombeck et al., 2007; Niell and Smith, 2005; Stalmans 
and Himpens, 1998). The user defines cells by drawing cell boundaries or regions 
inside cells. This process is time-consuming and involves user-dependent errors 
(Lorenz et al., 2003; Mukamel et al., 2009). 

Automated cell segmentation algorithms have been suggested to detect cells on 
static immunofluorescence images with labelled cell nuclei and cell-to-cell junctions 
(Yang et al., 2013), as well as on time-lapse Ca2+ images (Shen et al., 2018). In 
addition, algorithms have been proposed to detect Ca2+ signaling events rather than 
to segment individual cells (Picht et al., 2007; Wegner et al., 2006; Francis et al., 
2014). To the best of our knowledge, no automatic detection algorithms have been 
developed to segment RPE cells on fluorescence images obtained with Ca2+-
sensitive dyes. 

2.3 Wound healing 

In the body, wound healing process takes place in several stages: haemostasis, 
inflammatory, proliferative, and maturation stages (Velnar et al., 2009; Weber et al., 
2012). Haemostasis occurs directly after wounding. During haemostasis, blood 
vessels contract to prevent blood loss. In addition, coagulation cascade is activated. 
(Pool, 1997; Velnar et al., 2009) In the inflammatory phase, macrophages and 
neutrophils are attracted to the wounded area to eliminate bacteria, injured cells, and 
prevent further tissue damage (Broughton et al., 2006). During the proliferative 
stage, new blood vessels are formed, formation of granulation tissue takes place, and 
the cells produce new extracellular matrix (ECM) (Velnar et al., 2009). ECM serves 
as a scaffold for cells migrating into the wounded area. Fibroblasts attracted to the 
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wound secrete collagen that is essential for providing strength to the wound. (Weber 
et al., 2012) Re-epithelialization takes place in the proliferative phase (Velnar et al., 
2009). The final maturation phase consists of wound contraction and remodeling of 
collagen layer from type III to type I (Weber et al., 2012). 

2.3.1 Epithelial-mesenchymal transition (EMT) of epithelial cells 

During wound healing, epithelial cells undergo epithelial-mesenchymal transition in 
order to migrate towards the wounded area. Epithelial cells develop migratory 
phenotype by losing intercellular junctions and apical-basal polarity. (Weber et al., 
2012) It has been demonstrated that cells undergoing EMT lose such epithelial 
markers as occludins, claudins (TJ proteins), and cadherins (adherence junctions 
components) (Yilmaz and Christofori, 2009). This process is controlled by 
transforming growth factor  (TGF- )-dependent pathway and Wnt/ -catenin 
pathway (Weber et al., 2012; Burke, 2008). At the same time, the cells gain 
mesenchymal markers (e.g., vimentin, fibroblast-specific protein, tenascin-C and 
other) (Weber et al., 2012). 

In the eyes, RPE cells maintain highly regular cobblestone cell shape, however, 
when grown in a cell culture, RPE cells show the ability to de-epithelialize through 
EMT transition, expand, and then reverse back to the epithelial phenotype. (Burke 
et al., 1996; Burke, 2008) In addition, RPE cells undergo TGF-  dependent EMT in 
the conditions of chronic wounding (Shih et al., 2017). 

Rho-associated coiled-coil kinases (ROCKs) regulate cytoskeletal rearrangements 
during EMT (Vardouli et al., 2005). Inhibition of ROCKs has been shown to prevent 
EMT. It is hypothesized that ROCK inhibition affects TGF-  contributing to 
scarring (Wynn, 2007; Croze et al., 2014). Croze et al. have shown that ROCK 
inhibition increased hESC-RPE cells attachment and enhanced cell spreading within 
the first hour after cell plating (Croze et al., 2014; Croze et al., 2016). 

2.3.2 Ca2+ signaling during wound healing on uni- and multicellular levels 

When an epithelial cell layer is damaged, the ionic gradient collapses along the 
wounded area. For example, affected cells uptake Cl- ions, while Na+ ions leak out 
of the cells following the concentration gradient (Martin-Granados and McCaig, 
2014). Wound healing is a composite process that implies an interplay between ion 
channels to define conductance of ions across cellular membranes that are critical 
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for response to tissue injury (Franklin et al., 2017). Potassium (Zundler et al., 2016), 
sodium (Justet et al., 2013) and calcium channels (Lansdown, 2002) have been 
reported to be crucial for the wound healing. 

Ca2+ signaling plays a major role not only in maintaining normal epithelial 
physiology, but also in the event of cell injury. Ca2+ in the extracellular medium is 
the necessary condition for cellular membrane sealing after wounding (Steinhardt et 
al., 1994). In addition, the studies where Ca2+ was directly injected into the cytoplasm 
showed that the injected liquid became encapsulated by intercellular membrane 
vesicles (Terasaki et al., 1997). These studies suggest that upon mechanical injury of 
plasma membrane (e.g., piercing), Ca2+ ions entering the cytoplasm through the 
membrane hole from the extracellular space down the concentration gradient 
prompt non-specific membrane fusion of internal vesicles. These fused vesicles seal 
the hole in the membrane preventing further Ca2+ entry. The blockade of kinesin 
and myosin proteins inhibits vesicles transportation, and as a result, fails membrane 
closure. (Bi et al., 1997) 

Another consequence of plasma membrane piercing, aside from Ca2+ influx, is 
the efflux of the molecules that normally locate inside the cells into the extracellular 
media. For example, basic fibroblast growth factor (bFGF) that is stored in the 
nucleus and cytoplasm leaks to the extracellular space upon cell injury. It has been 
shown that the amount of bFGF leaking through the wounded cell was enough to 
cause the mitogenic effect on unwounded cells (McNeil et al., 1989). Another 
paracrine factor that acts as a signal to non-wounded neighboring cells about the 
injury event is ATP. ATP is stored at mM concentrations inside the cells, and once 
it leaks out, it creates abnormally high concentration of ATP around the injury site 
and diffuses to the non-wounded cells. (Woolley and Martin, 2000) 

In case of more severe tissue wounds, when many cells are being mechanically 
injured, the initial Ca2+ influx into the damaged cells is considered to be the essential 
signal for the undamaged cells to rearrange their junctions and coordinate movement 
(Woolley and Martin, 2000). The mechanical injury of a cellular monolayer results in 
emergence of an intercellular Ca2+ wave that spreads from the wound edges towards 
the non-injured cells. The absence of extracellular Ca2+ significantly reduces cellular 
migration to the wounded area, while high extracellular Ca2+ concentration results in 
increased cell motility. (Tran et al., 1999) 
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2.3.3 Wounding and wound healing in RPE 

Patients with wet form of AMD are often being treated by surgical removal of 
neovascularization. This procedure creates a local defect in the RPE cell layer and 
underlying Bruch’s membrane. The inability of the cells to grow into the wounded 
area affects choriocapillaris and photoreceptors integrity and functionality. (Sugino 
et al., 2003; Nasir et al., 1997; Korte et al., 1989) Rapid RPE restitution, the process 
of fast proliferation and migration of RPE to heal the wounded areas, has been 
proposed to be beneficial for maintaining the remaining photoreceptors (Fleckner et 
al., 2000; Miura et al., 2003). 

Wound healing has been studied in animal and human RPE, for example, bovine 
(Miura et al., 2003), chick (Hergott et al., 1993), rabbit (Oganesian et al., 1997), 
porcine (Tamiya, 2010), and hESC-RPE cells (Croze et al., 2016). 

2.3.3.1 RPE wound healing in vivo 

In in vivo, RPE wound healing has been studied in different animal models including 
rabbits. In rabbits, RPE wounds were made with subretinal hydraulic irrigation that 
caused minimal damage to Bruch’s membrane, but significant damage to the RPE 
layer. Upon wounding, the cells changed their epithelial phenotype towards a 
migratory phenotype and slid from the periphery to the wound area. However, the 
authors stated that it was unclear whether the main role of repopulating the injured 
area belonged to the sliding migration of native peripheral RPE or to their 
hyperplastic descendants. The complete re-epithelialization of the wound occurred 
within 7 days, after which the cells gradually returned to the native phenotype. 
Multilayered RPE patches were observed together with the RPE monolayer. 
(Oganesian, 1997) 

2.3.3.2 RPE wound healing in cell cultures 

Wounding of RPE cells grown in cultures in vitro triggers changes in cell morphology 
close to the wound edges, while distant cells remain unchanged. The cells lose the 
cobblestone morphology and gain a migratory phenotype. The RPE cells proliferate 
and migrate into the wounded area to resurface the defect. (Verstraeten et al., 1990; 
Kaida et al., 2000; Grisanti, 1995) It has been reported that RPE cells can migrate as 
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cellular sheets or as single cells depending on the time they spent in the culture prior 
to wounding (Kaida et al., 2000). 

Wound healing has been studied in hESC-RPE cultures. These cells migrate into 
the wounded area not always as cell sheets like other epithelia (Matsubayashi et al, 
2004; Rosen and Misfeldt, 1980), but sometimes as single cells. (Croze et al., 2016) 
In addition, it has been shown that pan ROCK inhibition accelerated scrape wound 
healing in hESC-RPEs: the cells treated with pan ROCK inhibitors had higher 
proliferation rates and regained cobblestone morphology faster than in control 
cultures (Croze et al., 2016). 
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3 AIMS 

The aim of this study was to investigate Ca2+ dynamics (mechanically induced and 
spontaneous [Ca2+]i transients) in human RPE cells and to determine whether factors 
such as cellular maturation status and wounding affect it. The specific aims of the 
thesis are as follows: 

• To develop biomedical engineering tools to assess mechanically induced 
and spontaneous Ca2+ activity in RPE cells. (Study I-IV) This will benefit 
biomechanistic studies, as well as possible assessment of cells in the 
clinical context. 

• To use the developed tools for investigation and analysis of the effect of 
mechanical stimulation on RPE cells. (Study I-IV) 

• To reveal the mechanism of intercellular Ca2+ wave propagation induced 
by mechanical stimulation experimentally and with mathematical 
modeling approach. (Study I, II) 

• To determine whether maturation status affects spontaneous and 
mechanically induced [Ca2+]i transients. (Study III) This knowledge can 
be applied in the future for evaluating cells intended for transplantation.  

• To assess the effect of scrape wounds and wound healing on 
spontaneous and mechanically induced [Ca2+]i transients to benefit 
understanding of RPE wound healing processes. (Study IV) 
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4 METHODS 

The methods of Ca2+ imaging, wounding and wound healing assays, 
immunofluorescence staining, and PCR with de novo developed computational 
methods for the analysis of large amount of experimental data were applied to 
ARPE-19 and hESC-RPE cells to achieve the goals of the thesis. The flow chart of 
the methods used in this thesis are presented in Fig. 5. 
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Figure 5. The flow chart of the methods used in the thesis. Green boxes (dotted frames) indicate 
results derived for hESC-RPE cells. Blue boxes (double frames) represent the results 
derived for ARPE-19 cells. 9d hESC-RPE – hESC-RPE cultured for 9 days; 28d hESC-
RPE – hESC-RPE cultured for 28 days. All abbreviations can be found in the 
“Abbreviations” section. 
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4.1 Cell culturing 

4.1.1 ARPE-19  

A human immortalized RPE cell line ARPE-19 (Study I, II) was cultured in 
Dulbecco’s modi ed Eagle’s medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS), 2 mM glutamax, and an antibiotic mixture of 100 U/ml 
penicillin/streptomycin. The cells were cultured at 37 oC in a humidi ed atmosphere 
containing 5% CO2. For the experiments, cells were washed with Ca2+- and Mg2+-
free phosphate buffered saline (PBS) solution, dissociated with trypsin-EDTA, and 
seeded on coverslips or glass-bottomed cell culture dishes at a density of ~ 1.5*105 
cells/cm2. 

4.1.2 hESC-RPE 

4.1.2.1 Differentiation of hESC-RPE 

The two hESC lines Regea08/017 (Study IV) and Regea08/023 (Study III, IV) 
derived and characterized, as described in Skottman, 2010, were used in this thesis. 
Briefly, the undifferentiated hESC lines were cultured on mitotically inactivated, 
mitomycin-treated (10 μg/ml) human foreskin fibroblasts feeder cells. Then, hESCs 
were differentiated towards RPE cells in RPEbasic medium (Vaajasaari et al., 2011) 
as cell aggregates for 49-147 days. Pigmented areas of oating aggregates were 
manually chosen, dissociated with trypsin–EDTA, plated with methods described 
previously (Vaajasaari et al., 2011), and cultured for 28-174 days to expand the 
number of cells. 

4.1.2.2 Culturing of hESC-RPE for the experiments 

After expansion, the hESC-RPEs were dissociated with 1x Trypsin–EDTA and 
plated on Ormocomp-treated (Käpylä et al., 2014), collagen IV (ColIV)-coated 
coverslips (7 mm in diameter) at a density of 105 cells/cm2. The cells were cultured 
for a period of 9 ± 1 (Study III, IV), 16 ± 1 (Study IV), 28 ± 1 (Study III, IV), or 
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35 ± 1 (Study IV) days in RPEbasic medium. The medium was replenished three 
times a week. 

4.2 Ca2+ imaging 

4.2.1 General Ca2+ imaging procedures 

For Ca2+ imaging experiments (Study I-IV), the cell culture medium was substituted 
with Hanks balanced salt solution (HBSS) containing: 137 mM NaCl, 5 mM KCl, 
0.44 mM KH2PO4, 20 mM HEPES, 4.2 mM NaHCO3, 5 mM glucose, 1.2 mM 
MgCl2, and 2 mM CaCl2. pH was set to 7.37 with NaOH; osmolarity was adjusted 
to 335 ± 5 mOsm/kg with sucrose. 

The Ca2+-sensitive dyes fura-2-AM (Study I, II) and fluo-4-AM (Study III, IV) 
were used to estimate changes in [Ca2+]i under different conditions. The cells were 
washed with HBSS once, then incubated with either 8 μM fura-2-AM in HBSS for 
40 min at 37 oC, or with 4 μM fluo-4-AM in HBSS for 1 h at room temperature (RT). 
Then, the cells were washed with HBSS at least thrice. 

4.2.2 Assessment of blocker effects on Ca2+ dynamics 

To assess the effect of different drugs on intra- and intercellular Ca2+ dynamics, the 
cells were pre-incubated with inhibitors in HBSS solution after the Ca2+-sensitive 
dye loading and before the recording of Ca2+ dynamics. The list of the used inhibitors 
and their expected effects are presented in Table 1. 
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Table 1. Blockers used in Ca2+ imaging experiments 

Reagent Concentration, 
μm 

Incubation 
time, min 

Expected effect Study 

18- -GA 30 30 Blockage of Cx43 
GJ 

I, III 

Quinidine 3, 30, 300 10 Non-specific GJ 
blockage 

I 

1-Heptanol 1000 50 Non-specific GJ 
blockage 

I 

Suramin 50 25-30 P2 receptor 
blockage 

I, III 

Thapsigargin 2 10 Depletion of 
intracellular Ca2+ 
stores 

I, III 

18- -GA + 
suramin 

30 + 50 25-30 Blockage of GJ and 
P2 receptors 

II 

4.2.2.1 Recording protocol 

The cellular Ca2+ dynamics was recorded with an inverted fluorescence microscope 
Olympus IX51 and ANDOR iXion 885 camera. Fluorescence dyes were excited with 
Polychrome V with a bandwidth of 15 nm. The recording protocols for fura-2-AM 
and fluo-4-AM are presented in Table 2. Fura-2-AM was used as a ratiometric dual-
excitation dye. 
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Table 2. Ca2+ imaging recording protocols 

 Fura-2-AM Fluo-4-AM 

Excitation wavelength, nm 340 and 380 (<60 ms 
interval) 

490 

Emission collection 
wavelength, nm 

>510 510-560 

Exposure time, ms 25 and 50 20 

Frames per second 1 (340 and 380 nm 
image pair) 

2 

Binning 1x1 2x2 

The background fluorescence was recorded from empty coverslips. 

4.2.3 Recording of mechanically induced Ca2+ activity in cells 

To induce intercellular Ca2+ waves the ARPE-19 or hESC-RPE monolayers were 
mechanically stimulated. For that, a single cell in a monolayer was punctured (Study 
I, II) or touched (Study III, IV) with a glass micropipette. The micropipette was 
made from a glass capillary with a Narishige pipette puller. Then, it was set on a 
Luigs & Neumann SM 5–9 vertical microinjection system and gradually lowered to 
touch an individual cell. The recording of fluorescence reflecting [Ca2+]i was started 
at least 20 s before the mechanical stimulation had been performed. 

4.2.4 Recording of spontaneous Ca2+ activity in cells 

The spontaneous [Ca2+]i increases were recorded from resting, non-stimulated, 
hESC-RPE monolayers for a period of 5 min (600 frames). 
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4.2.5 Ca2+ imaging data analysis 

4.2.5.1 Analysis of mechanically induced Ca2+ waves in ARPE-19 cells (Study I and II) 

ARPE-19 Ca2+ dynamics was analyzed with TiLLvisION (v.4.5.65) and Matlab 
(R2010b, Mathworks). First, cells in the field of view were manually segmented in 
TiLLvisION, and each cell was assigned with a number. Then, cells in the field of 
view were divided into cell layers depending on their position: cells that surrounded 
the mechanically stimulated cell were denoted as neighboring cell layer 1 (NB1), cells 
immediately surrounding NB1 were denoted as NB2, and so on (Study I, Fig. 1). 
In TiLLvisION, the fluorescence intensities that emitted due to excitation at 340 and 
380 nm (F340 and F380) were determined for individual cells. In Matlab, for each 
segmented cell, the ratio F340/F380 was determined after background correction 

. Then, normalized uorescence (NF) was 

calculated as the uorescence value at each time point divided by the mean 
uorescence prior to the mechanical stimulation. Intercellular Ca2+ wave spreading 

was described by the maximum NF (peak NF) and the percentage of responsive cells 
(%RC). A cell was considered to propagate the wave if it had peak NF value above 
1.5. 

4.2.5.2 Analysis of hESC-RPE Ca2+ dynamics (Study III and IV) 

The recorded time series were managed offline with Matlab (R2013A, MathWorks) 
algorithms developed for this purpose and Fiji. The ow-chart with data analysis 
procedures is presented in the Fig. 1 of Study III. 

Cell segmentation of cobblestone-shaped hESC-RPE cells was performed with 
our semi-automatic segmentation method. The tool utilized various image 
processing techniques that allowed to remove acquisition artefacts, enhance 
separation of cytoplasm and nuclei, increase contrast, which overall improved the 
quality of cell center detection. First, the initial set of cell centroids was identified in 
the averaged fluorescence images after pre-processing using the Matlab imfindcircles 
function. Second, two complementary images were created by performing Fourier 
transform and histogram equalization, and the three images (initial and 
complementary) were passed through a multi-threshold process, after which 
additional three sets of cell centroids coordinates were extracted. Finally, the unique 
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cell centers coordinates were found using the four sets of cell centroids. Then, cell 
boundaries were approximated as xed-sized circles around the detected cell centers. 
(Study III, Supplementary material, Fig. 2 and Study III, Fig. 1) For fusiform 
cells (immature hESC-RPE), cell segmentation was manually performed in Fiji. 
Examples of images before and after cell segmentation are demonstrated in Fig. 2 
of Study III. 

In Fiji, average uorescence intensity of each segmented cell was calculated. For 
that, the mean pixels’ intensity in each segmented cell area was determined from 
fluorescence images at every time point (usually 600 frames). In Matlab, the 
background correction of fluorescence curves has been performed, and then 
smoothened with the moving average algorithm. A baseline fluorescence level was 
then detected for each cell. Next, the bleaching correction was performed, and, 
finally, the uorescence curves were normalized to basal uorescence value. The 

uorescence peaks were then detected in Matlab with the threshold amplitude set to 
10% higher than the basal uorescence level. (Study III, Fig. 1; Study III, 
Supplementary material) 

To assess the spontaneous Ca2+ activity of a cellular monolayer, the percentage 
of cells with spontaneous [Ca2+]i increases in the field of view was calculated during 
a 5 minute time period (abbreviated as %RCsp – percentage of responsive cells). In 
experiments with wounded hESC-RPE monolayers, the %RCsp was estimated in 
different areas relatively to the wound position (Study IV, Fig. 6). 

To characterize the intercellular Ca2+ wave propagation emerging in response to 
the mechanical stimulation, cells that took part in a mechanically induced Ca2+ wave 
spreading were identified. Two cells were considered to spread an intercellular Ca2+ 
wave if they had fluorescence peaks, the time difference between these peaks was 
less than 4 s, and the distance between the cells was less than 2-3 characteristic cell 
sizes. The extent of the Ca2+ wave propagation was characterized by the following 
features: 

1. Percentage of cells in the field of view, which propagate the Ca2+ wave 
(percentage of responsive cells - %RCms; Study III); 

2. Absolute number of cells participating in the Ca2+ wave (Study IV) 
3. Area of a monolayer covered by the Ca2+ wave (Study IV) 
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4.3 Immunofluorescence 

The localization of RPE proteins and the presence of extracellular matrix proteins 
was investigated with indirect immunofluorescence staining as described in Studies 
I-IV. Briefly, RPE cells cultured on coverslips or glass-bottomed cell culture dishes 
were xed in 4% paraformaldehyde (PFA) for 10 min. Then, the cells were 
permeabilized with 0.01% Triton-X in PBS for 10 min at RT, and unspeci c binding 
sites were blocked with 3% bovine serum albumin (BSA) for 1 h. Next, the cells 
were incubated with primary antibodies diluted in 0.5% BSA-PBS for 1 h at RT. 
Then, the cells were subjected to secondary antibodies dissolved in 0.5% BSA-PBS 
for 1.5 h at RT. Finally, the cells were mounted with Vectashield mount with 4’, 6’ 
diamidino-2-phenylidole (DAPI). The lists of the used primary antibodies is 
presented in Table 3. 

Table 3. Primary antibodies used in immunofluorescence studies 

Abbreviation Protein name Function in RPE Study 

Cx43 Connexin 43 GJ component I, III 

ZO-1 Zonula occludens 
protein 1 

TJ component I-IV 

CRALBP Cellular 
retinaldehyde-
binding protein 

Retinoid carrier in 
visual cycle 

III 

Ki67 Antigen Ki67 Proliferating cell marker IV 

Lam Laminin ECM protein IV 

Col I Collagen I ECM protein IV 

Images were taken with Zeiss LSM 780 confocal microscope (Zeiss, Jena, Germany) 
using a 63x oil immersion objective or with Olympus IX51 fluorescence microscope 
using a 20x air objective. 
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4.4 Analysis of gene expression 

4.4.1 RT-PCR 
Reverse transcription–polymerase chain reaction (RT-PCR) was used in Studies 

III and IV to assess the transcription of RPE-specific genes, and, thus, validate the 
maturation status of hESC-RPE samples cultured for Ca2+ imaging experiments. The 
total RNA was extracted with a NucleoSpin XS kit according to the manufacturer’s 
instructions. The RT-PCR protocol was completed as previously described in 
Vaajasaari et al. 2011. The list of the analyzed genes and the used primers is presented 
in Table 4. 

Table 4. The expression of the genes studies in hESC-RPE 

Abbreviation Gene name Tannealing Protein function Study 

GAPDH glyceraldehyde-
3-phosphate 
dehydrogenase 

55 a house-keeping gene. 
Used as an endogenous 
control 

III, 
IV 

OCT ¾ octamer-binding 
transcription 
factor 

55 a pluripotency gene and a 
marker of 
undi erentiated hESCs 

III, 
IV 

MITF microphthalmia-
associated 
transcription 
factor 

52 regulates cell 
differentiation and 
melanogenesis 

III, 
IV 

BEST bestrophin 60 forms calcium-sensitive 
chloride channels in the 
RPE 

IV 

Tyrosinase tyrosinase 52 catalyzes the conversion 
of tyrosine to melanin 

III 
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4.4.2 Quantitative RT-PCR 

Quantitative RT-PCR (qRT-PCR) with TaqMan Gene Expression Assays (Applied 
Biosystems Inc.) was used in Study IV to analyze expression of RPE-specific genes 
RPE65 and MERTK. GAPDH was used as an endogenous control. Samples and 
negative controls were measured in triplicates similarly as described in Sorkio et al., 
2014. GAPDH expression level of 9-day-cultured cells was used as a calibrator. 

4.5 Scrape-loading/dye-transfer assay 

Scrape-loading/dye-transfer assay was used in Studies I and III to assess GJ 
intercellular communication in ARPE-19 and hESC-RPE monolayers. Briefly, the 
cell culture medium was substituted with Alexa Fluor 568 hydrazide (1:1000 in PBS) 
that can pass through GJs (Weber et al., 2004). The cells were then scraped with a 
scalpel, incubated with the dye for 15 min at RT, and washed with PBS. The samples 
were imaged with an Olympus IX51 uorescent microscope with a 10x air objective 
to detect the dye spreading. In experiments, where GJ blockage properties of 18-  -
glycyrrhetinic acid (18- -GA) were investigated, the cells were pre-incubated with 
18- -GA, as in Ca2+ imaging experiments, prior to scrape-loading. 

4.6 Cell viability test 

Cell viability was assessed with Live/Dead Viability/Cytotoxicity kit for Mammalian 
cells in Studies I and III to evaluate the possible toxicity effect of drugs used in 
Ca2+ imaging experiments. Brie y, the cells were incubated with a mixture of 0.25 
μM Calcein-AM and 0.5 μM ethidium homodimer-1 for 30 min at RT. Viable cells 
were visualized as green and dead cells were visualized as red under Olympus IX51 

uorescence microscope.  



 

 61 

4.7 Assessment of wound healing in hESC-RPE monolayers 

4.7.1 Wounding of hESC-RPE monolayers 

In Study IV, hESC-RPEs were mechanically wounded by performing a linear 
wound with a 10 μl plastic pipette tip on day 9 or day 28 of culture on coverslips. 
The experiments with wounded monolayers started either 15 min or 7 days after the 
wounding.  

4.7.2 Time-lapse microscopy 

The wound healing process was assessed by continuous visualization (time-lapse 
microscopy) in Nikon BioStation CT. For this, the cells were cultured at 37 oC and 
5% CO2. The phase contrast images of control and wounded areas were 
automatically taken every 1-3 hours during 7-8 days with a 10x objective. 

4.7.3 Assessment of wound healing speed and time of hESC-RPEs 

Wound healing time and speed were calculated using the samples without visible 
damage of the ColIV coverslip coating. The wound healing speed (s) was computed 
as the initial wound size (p, in pixels) divided by the full healing time (t, hours): 
. Wound healing time was considered to be the time in hours required for the hESC-

RPE monolayer to fully cover the cell-free area with the cells. 

4.8 Mathematical modeling of Ca2+ waves propagation in 
ARPE-19 cells 

4.8.1 Model assumptions  

The mathematical model of Ca2+ dynamics emerging in response to a mechanical 
stimulus was constructed based on the following assumptions: 
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1. Cells close to the MS site experience stretch caused by the stimulation, allowing 
Ca2+ influx through stretch-sensitive Ca2+ channels (SSCC). NB layers 2-4 also 
experience minor stretch, which decreases with the distance from the MS site. 

2. The MS cell secretes a signaling molecule (ATP or UTP) to extracellular space 
leading to production of IP3. 

3. IP3 causes release of Ca2+ from ER to cytoplasm via IP3R3 receptor. 

4. Increasing [Ca2+]i activates RyR, resulting in additional Ca2+ release from ER. 

5. Ca2+ is pumped out of the cytoplasm through SERCA and PMCA. IP3 degrades 
in the cytoplasm. 

6. IP3 and Ca2+ can diffuse between neighboring cells via GJs. 

The [Ca2+]i changes were calculated at each NB layer as a sum of the following Ca2+ 

fluxes: 

where the subscripts indicate the flux source. (Table 5) 
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Table 5. Ca2+ fluxes forming [Ca2+]i at each time point in an ARPE-19 Ca2+ wave propagation 
model 

Abbreviation Flux Direction of the 
flux 

Jsscc Flux through stretch-sensitive Ca2+ channels In 

JIP3R3 Flux from ER caused by activation of IP3R3 
receptor 

In 

JRyR Flux from ER caused by activation of RyR 
receptor 

In 

Jpump Flux through SERCA and PMCA Out 

Jleak Leak flux from ER and extracellular space In 

JGJ Flux through GJs In 

In – the flux is directed into the cellular cytoplasm; Out – the flux is directed outside 
of the cytoplasm 

Each flux represents a partial differential equation. The model was constructed using 
Matlab SimBiology tool (R2012a, The MathWorks, Natick, MA). 

The detailed model description can be found in Study II. 

4.8.2 Model parametrization 

The experimental data of [Ca2+]i dynamics (fluorescence curves) from control cells 
and cells with blocked GJs were used for the model parametrization (Tables 2, 3 in 
Study II). Parameters were fitted with Matlab SimBiology Parameter Fit Task.  

The model uses stretch intensity, extracellular ligand concentration, IP3R3 
phosphorylation rate, and Ca2+ and IP3 fluxes through GJs as location-specific 
parameters. 
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4.8.3 Sensitivity analysis 

The sensitivity analysis was performed by changing certain parameters (Table 2, 
Study II) and evaluating the following features of the Ca2+ waves: peak amplitude, 
time to peak, Ca2+ wave width at a half maximum, and Ca2+ concentration at the end 
of the Ca2+ wave at NB layers 1, 5, and 10. 

4.8.4 Model prediction of suramin effect 

This model was used to investigate a possible mechanism of suramin action on 
ARPE-19 cells utilizing the experimental data of mechanically induced Ca2+ waves 
in monolayers with blocked GJs and P2 receptors. The sensitivity analysis of P2Y2 
regulation parameters and G-protein cascade parameters was performed for a dataset 
recorded for the cells with blocked GJs. Finally, the model was fitted to the dataset 
derived from cells with blocked GJs and P2 receptors by refitting P2Y2 and G-
protein cascade parameters. 

4.9 Ethical considerations 

Tampere University has the approval of the National Authority for Medicolegal 
A airs Finland (TEO) to study human embryos (Dnro 1426/32/300/05). The 
supportive statement of the Ethical Committee of the Pirkanmaa Hospital District 
allows to derive, culture, and differentiate hESC lines from surplus human embryos 
(R05116). No new lines were derived for this study. 

4.10 Statistics 

Statistical tests used in different studies are presented in Table 6. 
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Table 6. Statistical analysis 

Study Compared values Statistical test 

I Mean NF Two-sample unpaired Student’s t-test 

III Normalized RCsp Two-sample Kolmogorov-Smirnov test 

III Normalized RCms Two-sample Kolmogorov-Smirnov test 

IV Cell area Two-sample unpaired Student’s t-test 

IV Wound healing time Two-sample unpaired Student’s t-test 

IV Wound healing speed Two-sample unpaired Student’s t-test 

IV RCsp Mann-Whitney test 

IV Number of cells 
participating in a Ca2+ 
wave 

Mann-Whitney test 

IV Area of a Ca2+ wave Mann-Whitney test 

Mann-Whitney and Kolmogorov-Smirnov tests allowed for statistical analysis of 
experiments with low number of data points (less than 10). In the experiments where 
the large number of values was measured (more than 10) and when the data points 
were assumed to have normal distribution, the unpaired Student’s t-test was used to 
compare “control” and “treated” datasets. 
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5 RESULTS 

Present study focused on analyzing the mechanically induced intercellular Ca2+ 
waves and spontaneous [Ca2+]i transients in RPE cells and their changes during 
maturation and wound healing. For this, methods for performing single-cell 
mechanical stimulation and tracking [Ca2+]i changes in the monolayer of cells were 
developed. Because this work relied on analysis of fluorescence signals from a large 
number of cells (more than 80,000 cells were analyzed in Study III alone), semi-
automatic algorithms for segmentation of cells in the fluorescence images were 
developed. Further analysis of fluorescence curves was also automatized using 
various Matlab scripts developed for this purpose. In addition, the mathematical 
model that describes the propagation of mechanically induced Ca2+ waves in RPE 
was created for this study. 

First, assessment of intercellular Ca2+ waves and their mechanisms of emergence 
in ARPE-19 cells were investigated. (Study I)  

Second, a mathematical model of Ca2+ waves spreading in ARPE-19 cells was 
developed. This was based on the experimental data from Study I that allowed for 
a deeper understanding of the mechanisms beyond the wave propagation. (Study 
II) 

Third, the Ca2+ dynamics (intercellular Ca2+ waves and spontaneous [Ca2+]i 
spikes) alterations during cellular maturation were investigated. For that, hESC-RPE 
cells were used. These cells undergo distinct maturation-related alterations within a 
short time span. (Study III) 

Finally, the effects of wounding and wound healing on Ca2+ dynamics in hESC-
RPE monolayers at different maturation stages were studied. (Study IV) 

The flowchart summarizing the work performed in this thesis is presented in Fig. 
6. 
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Figure 6. The flowchart of the main thesis outcomes  

5.1 Cellular morphology and maturation status  

The brightfield microscopy and immunofluorescence staining were used to assess 
the morphology of ARPE-19 and hESC-RPE cells. 

ARPE-19 cells (Study I, Fig. 2; Study II), 9-day-cultured hESC-RPE (Study 
III, Fig. 3A; Study IV, Fig. 1A, E) and 7-day post-wounded hESC-RPE (Study 
IV, Fig 6D, J) had fusiform morphology with little or no pigmentation. hESC-RPE 
cells cultured for 28 or 35 days had predominantly cobblestone morphology with 
significant pigmentation (Study III, Fig. 3B; Study IV, Fig. 1G, H, K, L). 

Immunofluorescence labeling showed the presence of a GJ protein Cx43 and a 
tight junction component ZO-1 in both ARPE-19 cells (Study I, Fig. 2B; Study 
II, Fig. 4) and hESC-RPE (Study III, Fig. 3E, F; Study IV, Fig. 2A-C, G-I). ZO-
1 was also present in the healed hESC-RPE cells. (Study IV, Fig. 2D-F, J-L) In 
addition, we demonstrated hESC-RPE cells to express RPE-specific protein 
CRALBP (Study III, Fig. 3C, D) and to secrete extracellular proteins laminin and 
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Collagen I (ColI) in control conditions. (Study IV, Fig. 3A-C, G-I) The increased 
production of ColI was observed after wounding. (Study IV, Fig. 3J-L) The marker 
of dividing cells Ki67 was found in 9- and 16-day cultured hESC-RPE cells (Fig. 7), 
and sometimes close to the wound edges in the hESC-RPE monolayers that were 
cultured for 28 days, wounded, and then allowed to heal for 7 days. (Study IV, Fig. 
2 D-F) 

 

Figure 7. The immunofluorescence images of hESC-RPE cells showing ZO-1 (red) and Ki67 
(green). A. Freshly wounded 9-day-cultured hESC-RPE B. 16-day-cultured hESC-RPE. 
Scale bar: 50 μm 

The results of immunofluorescence staining for hESC-RPE cells of different ages 
are summarized in Table 7. 
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Table 7. Immunofluorescence staining results for hESC-RPE cells. 

Protein 9d. 16d. 28d. 35d. 

Cx43 (GJ 
component) 

+ (III) N/A + (III) N/A 

CRALBP + (III) + 
(unpublished) 

+(III) N/A 

ZO-1 + (III) + 
(unpublished) 

+ (III) + (IV) 

Ki67 + 
(unpublished) 

+ 
(unpublished) 

occur rarely 
(unpublished) 

- (IV) 

Laminin + 
(unpublished) 

+ (IV) + 
(unpublished) 

+ 
(unpublished) 

Col I N/A + (IV) N/A N/A 

“9d.” – 9-day-cultured hESC-RPE cells; “16d.” – 16-day-cultured hESC-RPE cells; 
“28d.” – 28-day-cultured hESC-RPE cells; “35d.” – 35-day-cultured hESC-RPE 
cells. “+” – expression was observed; “-” - expression was not observed; N/A – data 
was not collected. Study number is indicated in the parentheses. 

RT-PCR analysis showed that hESC-RPE cells did not express a pluripotent gene 
marker OCT ¾, but expressed RPE-specific markers MITF, tyrosinase, and bestrophin. 
The results of RT-PCR analysis are presented in Table 8. (Study III, Fig. 3G; Study 
IV, Fig. 1A, B) 
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Table 8. RT-PCR results for hESC-RPE cells. 

Gene 9d. 16d. 28d. 35d. 

Oct 3/4 - (III) N/A - (III) N/A 

MITF + (III, IV) + (IV) + (III, IV) + (IV) 

Tyrosinase + (III, IV) + (IV) + (III, IV) + (IV) 

Bestrophin + (IV) + (IV) + (IV) + (IV) 

“9d.” – 9-day-cultured hESC-RPE cells; “16d.” – 16-day-cultured hESC-RPE cells; 
“28d.” – 28-day-cultured hESC-RPE cells; “35d.” – 35-day-cultured hESC-RPE 
cells. “+” – expression was observed; “-” expression was not observed; N/A – data 
was not collected. Study number is indicated in the parentheses. 

In Study IV, we also performed qRT-PCR for RPE65 (an RPE-specific protein) and 
MERTK (a protein that controls phagocytosis). (Study IV, Fig. 1C, D) 28-day-
cultured cells had a higher mRNA expression of these proteins compared to 9-day-
cultured cells. 

5.2 Ca2+waves in ARPE-19 cells 

5.2.1 Mechanical stimulation 

When a single cell within a monolayer was touched with a glass micropipette, the 
[Ca2+]i increase was initiated and propagated in a wave-like manner from the 
stimulation site. (Study I, Fig. 3A) The averaged kinetics of normalized fluorescence 
(NF) reflecting the kinetics of [Ca2+]i increases in NB layers 1-11 is shown in Study 
I, Fig. 3B. The cells located close to the stimulation point had larger peak NF and 
reached them faster compared to distant cells. In addition, the wave propagation 
speed decreased with distance from the site of stimulation. The wave spread to 13.7 
± 2.1 cell layers away from the MS cell. 
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5.2.2 The mechanism of the Ca2+ wave spreading 

5.2.2.1 The origin of [Ca2+]i transients 

The [Ca2+]i transients triggered by the single-cell mechanical stimulation could 
originate from extracellular Ca2+ influx, or from the intracellular Ca2+ stores. 

To assess the influence of extracellular Ca2+, the mechanical stimulation was done 
in Ca2+-free extracellular medium, while the impact of ER was studied by inducing 
Ca2+ waves after the depletion of ER with thapsigargin. 

Ca2+-free conditions resulted in lower peak NF in cells close to the stimulation 
site, and larger peak NF in distant cells. (Study I, Fig. 4A) The mathematical model 
of the Ca2+ wave spreading suggested that cells close to the site of stimulation have 
an influx of Ca2+ through SSCC. (Study II) Thapsigargin dramatically reduced the 
Ca2+ wave spreading: the peak NF and %RC were lower than in control in cells close 
to the MS site, and the Ca2+ wave was completely blocked farther NB layer 4. (Study 
I, Fig. 4A, B) 

5.2.2.2 The route of Ca2+ waves propagation 

Intercellular Ca2+ waves, that arise spontaneously or as a result of mechanical 
stimulation, can propagate either through extracellular media or intracellularly via 
GJs between cells. 

Scrape-loading/dye-transfer assay confirmed that ARPE-19 cells have functional 
GJs (Study I, Fig. 5A) and that 18- -GA can be used as an effective GJ blocker 
(Study I, Fig. 5B).  

The blockade of GJs with 18- -GA resulted in reduced peak NF in all NB layers. 
Cells closer to the MS point had the most prominent peak NF decrease, and the 
effect attenuated with the distance. (Study I, Fig. 5C) 

Other unspecific GJ blockers 1-heptanol and quinidine were tested. 1-heptanol 
did not block the Ca2+ wave, while quinidine blocked the wave completely. 

According to our mathematical model of Ca2+ wave spreading, all cells conduct 
IP3 and Ca2+ via GJs, and the flux through GJs decreases with the distance. 

The presence of the extracellular route of propagation was assessed by inducing 
Ca2+ waves in disconnected cell clusters (Study I, Fig. 6A). When the wave was 
induced in a cluster, it was able to propagate through cell-free gaps. The propagation 
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speed (4.2 ± 0.2 μm/s) and %RC were lower compared to confluent ARPE-19 
monolayers (Study I, Fig. 6B).  

The mathematical model suggested that the MS cell secretes a ligand. The ligand 
diffuses mediating [Ca2+]i transients in neighboring cells, and the ligand 
concentration decreases with the distance. In addition, cellular sensitivity to the 
extracellular ligand depends on the IP3 receptor phosphorylation rate. IP3 receptor 
phosphorylation rate increases with the distance attenuating [Ca2+]i transients. 
(Study II) 

To investigate the possible participation of P2 receptors in Ca2+ wave 
propagation, ARPE-19 monolayers were incubated with suramin, the P2 receptor 
blocker, prior to mechanical stimulation. Suramin significantly reduced %RC further 
NB layer 4. (Study I, Fig. 4B) 

The contribution of P2Y receptors was studied by inducing mechanical 
stimulation in the presence of suramin and absence of Ca2+. Suramin lowered %RC 
beyond NB layer 4 in Ca2+-free conditions. (Study I, Fig. 4B). 

All the above-mentioned inhibitors effects were summarized in Table 9. 
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Table 9. Properties of mechanically stimulated Ca2+ waves in ARPE-19 cells (Study I) 

 Cells close to MS site Cells distant from MS 
site 

Speed to reach NF 
peak 

0.65 ± 0.16 NF units/s 0.04 ± 0.004 NF units/s 

Propagation speed 16.7-33.3 μm/s 7.1-14.3 μm/s 

 Peak NF %RC in 
NBs 

Peak NF %RC in 
NBs 

Ca2+-free extracellular 
medium vs. Control 

    

Thapsigargin vs. 
Control (ER 
depletion) 

  No wave No wave 

18- -GA vs. Control 
(Cx43 blocker) 

    

1-Heptanol vs. 
Control (unspecific 
GJ blocker) 

    

Quinidine vs. Control 
(considered as a 
potential GJ blocker) 

No wave No wave No wave No wave 

Suramin vs. Control 
(P2 receptors blocker) 

    

Suramin + Ca2+-free 
vs. Ca2+-free 

N/A  N/A  
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 - decrease was observed;  - increase was observed;  - no significant change is 
observed; N/A – data was not collected 

5.2.2.3 Possible mechanism of suramin effect 

The Ca2+ wave properties were compared between the experimental dataset 
recorded from the cells with blocked GJs (18- -GA-treated cells) to the experimental 
dataset derived from cells with blocked GJs and P2 receptors (18- -GA and suramin-
treated cells). The results are presented in Table 10. 

Table 10. Comparison between the two experimental datasets (Study II) 

[Ca2+]i curve feature Dataset 1 (GJs and P2-receptors both 
blocked) compared to Dataset 2 (GJs 
blocked) 

Time to peak in NB1 Lower in Dataset 1 

Time to peak in NB5 and 
NB10 

Higher in Dataset 1 

Ca2+ wave width at half-
maximum 

Lower in Dataset 1 

End [Ca2+]i Lower in Dataset 1 

Finally, it was investigated how the observed differences between [Ca2+]i curves in 
the two datasets could be accounted for by changing P2Y2 receptor model 
parameters. The increase of P2Y2 unphosphorylated receptor dissociation constant 
and P2Y2 receptor phosphorylation rate parameters induced the changes in [Ca2+]i 
curves similar to those in the experimental data. (Study II, Fig. 7B, C) The values 
of these parameters were higher in the dataset recorded from the cells with blocked 
GJs and P2-receptors. 
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5.2.2.4 Sensitivity analysis of parameters 

The sensitivity analysis discovered the following parameters to affect the shape of 
the Ca2+ dynamics curves: stretch, extracellular ligand concentration, IP3 receptor 
phosphorylation rate, IP3 flux via GJs in NB1. The results of the analysis are 
summarized in Table 11. 

Table 11. Sensitivity analysis of parameters in mechanically induced Ca2+ wave spreading model 
(Study II) 

Parameter change Changes in [Ca2+]i curves shapes  

Stretch  Time to peak in NB1  

Extracellular ligand 
concentration  

Time to peak  

IP3 receptor phosphorylation rate 
 

Peak amplitude  

Time to peak  

Ca2+ wave width at half-maximum  or  
depending on NB layer 

End [Ca2+]i  

IP3 input to NB1 via GJs  Ca2+ wave width at half-maximum  

End [Ca2+]i  

 - decrease;  - increase 
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5.3 Mechanically induced Ca2+ waves and spontaneous [Ca2+]i 
transients in hESC-RPE cells 

5.3.1 Spontaneous [Ca2+]i transients in 9- and 28-day-cultured hESC-RPE 

Both 9- and 28-day-cultured cells exhibited spontaneous random [Ca2+]i transients 
in single cells that rarely propagated as a wave between small cell clusters. The 28-
day-cultured cells had more than twice higher spontaneous Ca2+ activity (%RCsp) 

compared to 9-day-cultured hESC-RPEs. 
Removal of extracellular Ca2+ reduced %RCsp in 9-day-cultured cells and almost 

fully blocked spontaneous [Ca2+]i activity in 28-day-cultured cells. Depletion of ER 
with thapsigargin almost completely abolished spontaneous [Ca2+]i transients in cells 
of both ages.  

Suramin and 18- -GA did not affect %RCsp. 

5.3.2 Mechanically induced Ca2+ waves in 9- and 28-day-cultured hESC-
RPE 

Mechanical stimulation of a cell in a hESC-RPE monolayer caused emergence of an 
intercellular Ca2+ wave. In 9-day-cultured cells, Ca2+ waves spread much farther from 
the stimulation point compared to 28-day-cultured cells. (Study III, Fig. 5) Suramin 
and thapsigargin reduced %RCms in 9-day-cultured cells, while in 28-day-cultured 
hESC-RPE suramin had no effect, and thapsigargin completely blocked Ca2+ waves. 
Removal of extracellular Ca2+ or the treatment of the cells with 18- -GA did not 
affect the wave spreading. 

The scrape-loading/dye-transfer assay was performed with both 9- and 28-day-
cultured cells, showing homogenous dye distribution across the cells in control 
conditions. (Study III, Fig. 7A, C) 18- -GA was able to block the hydrazide dye 
uptake. (Study III, Fig. 7B, D)  
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5.3.3 Wound healing in 9- and 28-day-cultured cells 

5.3.3.1 Wound healing speed 

The process of wound healing was followed with time-lapse phase contrast 
microscopy. The analysis of the image stacks revealed that cells wounded on day 9 
of culture healed faster and better than those wounded on day 28. (Study IV, Fig. 
5A-C, E-F) 

Analysis of healed samples showed that ColIV was critical for successful healing. 
When ColIV coating was damaged during the wounding procedure, the percentage 
of the healed samples had more than a two-fold decrease.  

5.3.3.2 Spontaneous [Ca2+]i transients in wounded and healed hESC-RPE molonayers 

The spontaneous [Ca2+]i increases in 9- and 28-day-cultured freshly wounded and 7-
day-healed samples were assessed. 9-day-cultured monolayers that were studied 15 
minutes after wounding had more than a two-fold increase in %RCsp in the areas 
close to the wound edge compared to the non-wounded control areas. 

In samples that were wounded on day 28 of culture and then allowed to heal for 
7 days, the cells within the healed areas had almost a 2-fold decrease in %RCsp 
compared to the control. 

5.3.3.3 Mechanically induced Ca2+ waves in wounded and healed hESC-RPE 
monolayers 

Finally, the ability of cells to propagate mechanically induced intercellular Ca2+ waves 
was studied in wounded and healed hESC-RPE monolayers. The monolayers that 
were wounded on day 28 of culture and then healed for 7 days had much wider Ca2+ 
waves covering almost 9-fold larger areas compared to control. (Study IV, Fig. 7E, 
F) 
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6 DISCUSSION 

Intercellular communication has vital importance in cellular functionality as it allows 
cells to operate concordantly as a tissue. Ca2+ is an ion that controls a number of 
essential cellular processes from cell differentiation to cell death. In addition, 
intercellular communication strongly depends on Ca2+ signaling. In many cell types, 
mechanical stimulation triggers changes in intra- and intercellular Ca2+ dynamics and, 
thus, is often used to study Ca2+-dependent intercellular communication. (Rottingen 
and Iversen, 2000) 

In this study, the analysis of mechanically induced Ca2+ waves as well as 
spontaneous Ca2+ activity in RPE cells were investigated under various experimental 
conditions. To assess the Ca2+ activity from a large number of cells, semi-automated 
algorithms were developed to perform cell segmentation from the fluorescence 
images and to analyze fluorescence curves from individual cells.  

In this thesis, for the first time, it was demonstrated that RPE cells exhibit 
intercellular Ca2+ waves and spontaneous [Ca2+]i transients that depend on cellular 
maturation status and alter due to wounding and wound healing. Furthermore, the 
routes of the Ca2+ wave propagation were experimentally investigated, and the 
gathered data was further applied to create a mathematical model of Ca2+ wave 
spreading in RPE cells. 

6.1 Mechanically induced intercellular Ca2+ waves in ARPE-19 
and hESC-RPE  

6.1.1 The method of mechanical stimulation 

Mechanically induced Ca2+ waves have been studied in a number of cell types, 
including epithelial cells (Stalmans and Himpens, 1998; Churchill et al., 1996), 
endothelial cells (D’hondt et al., 2007; Moerenhout et al., 2001), osteosarcoma cells 
(Gomez et al., 2001), chondrocytes (D’Andrea and Vittur, 1996), but, according to 
our knowledge, not in human RPE. 



 

 79 

In this study, we performed mechanical stimulation by touching cells, loaded with 
a fluorescent Ca2+-sensitive dye, with a glass micropipette. In our experience, such 
stimulation can result in membrane stretching or in membrane perforation.  

In most studies, mechanical stimulation has been done without making a 
membrane perforation (Frame and de Feijter, 1997; Stalmans and Himpens, 1998; 
Gomes et al., 2005; D’hondt et al., 2007; Moerenhout et al., 2001). The main 
disadvantage of this stimulation method lies in the difficulty to control the amount 
of pressure applied to different cells. In addition, cells may vary in microvilli or cilia 
size, which will introduce further complications to pressure calibration. On the other 
hand, it is advantageous that cytoplasmic content that can affect Ca2+ wave spreading 
(such as ATP) does not leak out of the stimulated cell, which facilitates the 
investigation of the Ca2+ wave propagation routes. Thus, when the experimental data 
suggests paracrine propagation route, it can be safely assumed that the cell secrets a 
ligand rather than it passively leaks out through the introduced membrane hole. In 
this thesis, we used the described method of mechanical stimulation (without making 
a membrane perforation) for inducing intercellular Ca2+ waves in hESC-RPE cells. 
(Study III, IV) The stimulation method without cell perforation has been chosen 
because cell injury has been investigated separately for hESC-RPE cells in Study IV.

Here, in Studies I and II, the ARPE-19 cells were stimulated by making a 
membrane perforation in a cell. During the stimulation, the lowering of the pipette 
towards the cell of interest was stopped as soon as a dark spot appeared. The benefit 
of this method lies in better control of the stimulus application: the membrane 
perforation could be visually seen under the fluorescent microscope as it appeared 
as the dark spot and resulted in rapid bleaching of the stimulated cell due to dye 
leakage. The perforation method of stimulation has been chosen for ARPE-19 cells 
because the conditions when cells are mechanically injured mimic cell wounding that 
can happen under physiological conditions. The main hindrance of this method lies 
in the outflow of the cytoplasmic content, which complicates investigation of the 
Ca2+ wave spreading mechanisms (Woolley and Martin, 2000). 

6.1.2 Assessment of intercellular Ca2+ wave propagation from the 
fluorescence images time-series 

The experiments involving mechanically induced Ca2+ waves imply analysis of 
fluorescence signals from a large number of cells. Most studies investigating Ca2+ 
signaling with fluorescent probes use manual cell segmentation, which is a very time-
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consuming process (Gomes et al., 2003; Dombeck et al., 2007; Niell and Smith, 2005; 
Stalmans and Himpens, 1998). In Studies I-IV, manual cell segmentation has been 
used for the analysis of mechanically induced Ca2+ waves in fusiform RPE.  

An automatic cell segmentation is a demanding area of research. For the analysis 
of Ca2+ dynamics in cells with cobblestone morphology, we developed a semi-
automatic algorithm for cell detection. This tool automatically found cell centers in 
fluo-4-AM microscope fluorescence images of cobblestone-shaped RPE. The 
algorithm used the averaged images obtained from Ca2+ imaging time-series. These 
images went through various transformation processes, such as noise removal, 
Fourier transform, adaptive histogram equalization. The cell centers were found by 
using a combination of Matlab’s in-built function for finding circular structures and 
a multi-threshold process. The cell centers recognized by the algorithm could be 
manually altered in the images where the detection was not accurate enough. Then, 
the cells were approximated as user-defined fixed-sized circles. This method was 
quite time-efficient: the cells from the entire field of view (which is 500-900 
cobblestone RPE cells) could be segmented within several minutes. In contrast, 
manual cell segmentation of fusiform ARPE-19 cells could be done within 15 
minutes for only 300-400 cells per a field of view. Because the algorithm decreased 
the required manual user’s input, it overall increased the number of cells segmented 
per a unit of time. In addition, the analysis of single-cell fluorescence curves extracted 
from the fluorescence images, as well as further meta-analysis of the Ca2+ dynamics, 
was partially automatized by using MatLab scripts. Moreover, in Studies III and IV 
the mechanically induced intercellular Ca2+ waves were also programmed to be 
detected automatically in MatLab using user-defined thresholds. (Study III, 
Supplementary data) Our method of cell detection allowed us to significantly 
reduce the time-consuming process of manual cell segmentation. This, combined 
with automatization of fluorescence curve analysis and the Ca2+ wave detection with 
Matlab scripts, provided means to thoroughly investigate Ca2+ wave propagation 
taking into account the majority of cells in the field of view in Studies III and IV.

6.1.3 Ca2+ wave spreading in control conditions 

The effect of mechanical stimulation has been studied in several rat RPE cultures: 
healthy Long-Evans RPE (LE-RPE), dystrophic Royal College of Surgeons RPE 
(RCS-RPE), and immortalized RPE-J cell line (Stalmans and Himpens, 1997; 
Stalmans and Himpens, 1998; Stalmans and Himpens, 1999; Himpens et al., 1999; 
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Gomes et al., 2003). In LE-RPE and RPE-J, mechanical stimulation resulted in a 
[Ca2+]i transient that spread to 2-3 neighboring cell layers (Gomes et al., 2003; 
Stalmans and Himpens, 1997). The authors have shown that the amplitude of [Ca2+]i 
spikes and the speed of the Ca2+ wave propagation was lower in dystrophic RCS-
RPE compared to control LE-RPE (Stalmans and Himpens, 1998). In some 
epithelia, for example, in rat liver epithelium the mechanically induced Ca2+ waves 
spread up to 8 cell layers away from the stimulation site (Frame and de Feijter, 1997). 

After evaluating the morphology and [Ca2+]i dynamics with the developed image 
analysis tools, we found remarkably different results of Ca2+ wave propagation in 
ARPE-19 (Study I) and fusiform 9-day-cultured hESC-RPE compared to more 
mature 28- and 35-day-cultured hESC-RPE (Study III, IV). In ARPE-19 and 9-day-
cultured hESC-RPE, mechanical stimulation resulted in wide-spreading intercellular 
Ca2+ waves. In contrast, in 28- and 35-day-cultured hESC-RPEs the wave 
propagation was restricted to just a few cells away from the stimulation site. The 
morphology of our immature 9-day-cultured hESC-RPE was very similar to that of 
ARPE-19 cells: the cells had fusiform morphology and low pigmentation level. 
Therefore, it was not surprising that cells with immature morphology had strong 
intercellular Ca2+ waves. The 28- and 35-day-cultured hESC-RPEs usually had a 
typical mature RPE morphology with cobblestone cells shape and significant 
pigmentation. Accordingly, their response to mechanical stimulation was very similar 
to that of rat RPE (Gomes, 2003; Stalmans and Himpens, 1997), i.e., Ca2+ waves that 
spread only a few cells away from the stimulation site. Interestingly, in rare cases, 28-
day-cultured hESC-RPEs had strong Ca2+ waves similarly to ARPE-19 and 9-day-
cultured hESC-RPEs. In these samples, cells around the stimulation site had quite 
large variation in size. This may indicate their immature state despite the fact that 
they had been cultured for 28 days prior to experiments. In this thesis, the maturation 
status of hESC-RPE was estimated from the entire coverslip that was used in an 
experiment with RT-PCR (Study III, IV). For future studies, it would be beneficial 
to utilize techniques, such as spatial RNA sequencing (Ståhl et al., 2016), to estimate 
the maturation status of individual cells involved in the Ca2+ wave spreading and 
omit the rest of the cells on the coverslip. In contrast with bulk RNA analysis, this 
would allow for direct correlation between the individual cell maturation state and 
the ability to propagate the wave. This information would be especially valuable 
when combined with our technique for Ca2+ wave propagation analysis that allows 
to assess [Ca2+]i dynamics in single cells.  

It is also worth mentioning that all the Ca2+ dynamics measurements were done 
using fluorescent Ca2+ probes, which act as Ca2+ buffers and, thus, may disturb Ca2+ 
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signaling patterns occurring in cells. This limitation cannot be overcome as all the 
available probes, including the genetically encoded ones, sense Ca2+ by binding it, 
and, consequently, decrease the concentration of the cytoplasmic Ca2+ available for 
physiological action. (McMahon and Jackson, 2018) 

6.1.4 Ca2+ wave propagation in the absence of extracellular Ca2+ 

The contribution of extracellular Ca2+ to Ca2+ wave spreading is often assessed by 
performing mechanical stimulation in the absence of extracellular Ca2+. Previous 
studies have demonstrated that Ca2+ waves in different cell types vary greatly in Ca2+-
free media. For example, calf pulmonary endothelial (Moerenhout et al., 2001) and 
ovine lens epithelial cells (Churchill et al., 1996) did not require extracellular Ca2+ for 
the wave propagation, while rat RPE (Stalmans and Himpens, 1997) and 
osteosarcoma cells (Gomez et al., 2001) were completely inhibited in Ca2+-free 
conditions. In our experiments, the absence of extracellular Ca2+ was not able to 
block the mechanically induced Ca2+ wave propagation neither in ARPE-19 (Study 
I), nor in hESC-RPE cells (Study III). However, ARPE-19 cells had lower 
amplitudes of [Ca2+]i transients in neighboring cell layers 1-3 (Study I). This can be 
taken as an indication that cells close to the stimulation site do recruit extracellular 
Ca2+, but it is not the only source of Ca2+ for [Ca2+]i increases. Our mathematical 
model of Ca2+ wave spreading in ARPE-19 cells suggests that cells in the vicinity of 
the stimulation site, have an influx of extracellular Ca2+ through the stretch-sensitive 
Ca2+ channels (Study II). Moreover, the absence of extracellular Ca2+ increased the 
percentage of responsive cells, especially in distant cell layers. In rare cases, Ca2+ 
waves spread up to 3 layers farther than in control. Thus, in ARPE-19 cells the Ca2+-
free conditions seem to promote the wave spreading. Zero-extracellular Ca2+ 
conditions increase the opening of connexin hemi-channels and trigger ATP-release 
in the neighboring cells and thus may explain the enhanced Ca2+ wave spreading 
(Braet et al., 2003). On the other hand, with hESC-RPE cells, where we calculated 
the overall number of cells engaged in the wave spreading and not peak NF values 
in single cells, we did not find any statistically significant difference between Ca2+ 
wave spreading in control conditions and in the absence of extracellular Ca2+ (Study 
III). It is, thus, still possible that extracellular Ca2+ may affect [Ca2+]i increases in 
individual hESC-RPE cells. 
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6.1.5 Ca2+ wave spreading after depletion of ER 

Another source of Ca2+ that cells can use to increase [Ca2+]i is the endoplasmic 
reticulum. Thapsigargin is a drug that is commonly used to deplete endoplasmic 
reticulum via inhibition of SERCA that pumps Ca2+ from cytoplasm to endoplasmic 
reticulum (Thastrup et al., 1990). It has been reported that depletion of endoplasmic 
reticulum leads to partial or complete inhibition of mechanically induced intercellular 
Ca2+ waves in ovine lens epithelia (Churchill et al., 1999), rat RPE (Stalmans and 
Himpens, 1998), rat osteosarcoma cells (Gomez et al., 2001), and other cell types. In 
concordance with the literature, we demonstrated that in ARPE-19 cells and 28-day-
cultured hESC-RPE application of thapsigargin almost completely blocked the 
mechanically induced Ca2+ waves (Study I, III). In ARPE-19, the cells close to the 
stimulation site had a residual Ca2+ wave that is consistent with the finding that these 
cells utilize extracellular Ca2+ as we showed in experiments with Ca2+-free 
extracellular medium (Study I). Also, in 9-day-cultured hESC-RPE, thapsigargin 
inhibited the wave propagation but the wave could not be fully blocked (Study III). 
As stated above, we demonstrated that 9-day-cultured hESC-RPE are not likely to 
recruit extracellular Ca2+ for [Ca2+]i increases. Thus, it is possible that they utilize 
another source of Ca2+, for example, mitochondria or melanosomes (Islam, 2012). 
In this study, either the thapsigargin or Ca2+-free medium were utilized, but these 
were not used in combination. Thus, before searching for another source of 
intracellular Ca2+, it would be necessary to perform additional control experiments 
in which the cells would be stimulated in Ca2+-free medium in the presence of 
thapsigargin. 

6.1.6 Assessment of the gap junctional wave propagation route 

Mechanically induced Ca2+ waves can propagate via GJ and paracrine routes. The 
GJ propagation route has been shown in airway epithelia (Boitano et al., 1992), lens 
epithelia (Churchill et al., 1996), articular chondrocytes (D’Andrea et al., 1996), 
corneal endothelia (Gomes et al., 2006), and rat RPE (Himpens et al., 1999). 
Paracrine route of propagation has been demonstrated in mammary epithelia 
(Enomoto et al., 1994), corneal endothelia (Moerenhout et al., 2001), and liver 
epithelia (Frame and de Feijter, 1997). 

In this thesis, the scrape-loading/dye transfer assay was used to assess the 
functionality of GJs in ARPE-19 and hESC-RPE cells. Here, we confirmed that 
ARPE-19 cells have functional GJ intercellular communication (Study I). The 
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pattern of the scrape-loading/dye transfer assay was similar to reported by Hutnik 
et al. (Hutnik et al., 2008) with bright edges near the scrape wound that faded with 
increasing distance from the edges. In hESC-RPE cells, unlike ARPE-19, the dye 
uptake in scrape-loading/dye transfer assay appeared more homogenous, which may 
indicate that the dye did not spread via GJs but instead diffused through the 
extracellular medium via spontaneous openings of Cx43 hemi-channels. To exclude 
this possibility, an experiment where the dye is directly injected into a cell could be 
performed (Abbaci et al., 2008). 

The 18- -GA was tested in scrape-loading/dye transfer assay in ARPE-19 cells 
and hESC-RPE, where it effectively blocked GJ communication (or possible 
spontaneous hemi-channels openings in hESC-RPE) at a concentration of 30 μM. 

In ARPE-19 cells, the blockade of GJs resulted in lower amplitudes of [Ca2+]i 
transients, especially in the cells close to the stimulation site, which may indicate the 
necessity of functional GJs for Ca2+ wave spreading (Study I). The residual [Ca2+]i 
transients could occur either due to ligand stimulation via paracrine route or due to 
incomplete blockade of GJs. Even though 18- -GA has been used in a number of 
studies as a GJ blocker (Frame and de Feijter, 1997; D’Andrea and Vittur, 1996; 
Huo, et al., 2010; Verwey and Edwards, 2010; Johnston et al., 2016) it may also affect 
the unopposed Cx43 hemi-channels (Stout et al., 2004) decreasing ATP release from 
the cells. In the future, the emergence of more specific blockers that affect separately 
GJs and hemi-channels would be beneficial.

In hESC-RPE, 18- -GA did not affect the Ca2+ wave propagation, as shown by 
the unchanged percentage of cells that participated in the wave (Study III). It was 
challenging to assess the effect of the blocker on 28-day-cultured hESC-RPE 
because the mechanically induced Ca2+ waves were minute. There is still a possibility 
that the blocker affects individual [Ca2+]i transients in single cells. 

The distance of intercellular Ca2+ wave propagation upon mechanical stimulation 
has been shown to depend on the number of GJs (Scemes and Giaume, 2006; 
Charles et al., 1992). Interestingly, in astrocytes, the distance of the wave propagation 
was decreased with the increased number of GJs (Scemes and Giaume, 2006), while 
in glioma cells, the effect was the opposite (Charles et al., 1992). We can speculate 
that these controversies could be explained by the initial amount of IP3 or Ca2+ in 
the stimulated cell. If the concentration of IP3 in the stimulated cell is low, and the 
cell is connected to few neighboring cells because of the low number of GJs, the 
amount of IP3 diffusing from the stimulated cell could be enough for the few 
neighboring cells to propagate the Ca2+ wave. However, if the number of GJs is 
increased, the stimulated cell distributes the low amount of IP3 among many cells, 
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and that amount is not enough to sustain the Ca2+ wave. This may explain the 
experimental results shown with astrocytes. In the case when the stimulated cell has 
high amount of IP3, the more cells it is connected to (i.e., the more GJs expression 
is), the more cells can participate in the wave spreading because the amount of IP3 
is enough to stimulate a relatively large number of cells. This may explain the Ca2+ 
wave observations in glioma cells. In this thesis, the large amount of GJ channels in 
ARPE-19 cells could be responsible for far-spreading intercellular Ca2+ waves. 
However, this hypothesis and the amount of IP3 required has to be tested 
experimentally. 

6.1.7 Assessment of the paracrine propagation route 

In ARPE-19 cells, the mechanical stimulation of a single cell in disconnected cell 
clusters resulted in a Ca2+ wave that was able to pass over the cell-free spots (Study 
I). This clearly indicated the presence of a paracrine route of Ca2+ wave spreading. 

The blockade of P2 receptors with suramin in confluent ARPE-19 monolayers 
resulted in significantly reduced percentage of responsive cells in ARPE-19, 
especially in distant cells (Study I), while it slightly inhibited Ca2+ wave propagation 
in 9-day-cultured hESC-RPEs and did not affect the wave spreading in 28-day-
cultured hESC-RPE (Study III). These results demonstrated again the similarities 
of intercellular Ca2+ dynamics between ARPE-19 and immature hESC-RPE cells. In 
addition, it was concluded that paracrine route involving ATP (or UTP) ligand is 
present in ARPE-19 and immature hESC-RPE. This yet undetermined signaling 
molecule could be secreted by the mechanically stimulated cell, or by both the 
stimulated and neighboring cells. Our mathematical model of the Ca2+ wave 
propagation in ARPE-19 cells suggests that neighboring cells do not secrete signaling 
molecules on their own. If this wished to be confirmed experimentally, it would 
require direct measurements of the secreted ATP with ATP-biosensors, similarly as 
in Pearson et al., 2005. However, other molecules, such as UTP, must also be 
considered as possible ligands.  

If aiming to assert whether mature hESC-RPE lack paracrine route of Ca2+ wave 
propagation, more control experiments would be required. Here, it would be 
beneficial to perform experiments, where cells are directly stimulated with ATP both 
in presence and absence of suramin. This would allow for estimation of the 
inhibition rate and adjustment of suramin concentration.  
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In ARPE-19 cells, mechanical stimulation after pre-treatment of cells with both 
18- -GA and suramin was performed for the development of the mathematical 
model (Study II). Even the usage of the two blockers was not able to fully inhibit 
the Ca2+ wave spreading. It can be speculated that the residual Ca2+ waves could 
occur via a paracrine route that does not involve P2 receptors, or due to incomplete 
inhibition of GJ communication and P2 receptors. 

6.2 Mathematical modeling of mechanically induced Ca2+ wave 
spreading in ARPE-19 cells 

The mathematical model of the mechanically induced Ca2+ waves propagation in 
ARPE-19 cells (Study II) was developed based on experimental data from Study I 
and additional experimental data. The data provided for the model were normalized 
fluorescence curves averaged from single cells at various neighboring cell layers 
under control conditions and after blockade of GJs, P2 receptors (Study I) as well 
as after inhibition of both GJs and P2 blockers. It was not possible to perform 
experimental calibration of the fura-2-AM dye to correlate normalized fluorescence 
values with [Ca2+]i because it had to be done at the time of the actual experiments, 
which were not initially planned to be used in the mathematical modeling. Moreover, 
it has been noticed that in vitro calibration leads to much poorer reproducibility of 
the measurements and leads to less reliable amplitude results (Fowler & Tiger, 1997). 
Thus, in Study II the fluorescent curves were considered to directly reflect [Ca2+]i 
dynamics in the cells. However, in the future studies, it would be compulsory to 
experimentally confirm that the fluorescent dye fura-2-AM produced the signal that 
could be linearly correlated with [Ca2+]i at all [Ca2+]i concentrations under our 
experimental conditions. If the correlation between the fluorescence signal and 
[Ca2+]i is not linear at all [Ca2+]i, it may affect the peak amplitude of [Ca2+]i dynamics 
curves and, more importantly, the shape of the curves.  

The mathematical model was constructed in Matlab using components from 
previously published models of Ca2+ wave propagation (Lemon et al., 2003; LeBeau 
et al., 1999; Keizer & Levine, 1996), as well as components designed in Study II, for 
example, the stretch. The model contains static and location-dependent parameters. 
The majority of the static parameters were selected according to previously published 
Ca2+ signaling models (Lemon et al., 2003; LeBeau et al., 1999; Keizer & Levine, 
1996) with some parameters being optimized to match the experimental data. The 
parameters of stretch and consequent activation of stretch-sensitive Ca2+ channels, 
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extracellular ligand concentration, and the phosphorylation rate of IP3R3 were 
adjusted separately in each cell layer. The intracellular Ca2+ concentration was 
optimized to match the experimental data in each neighboring cell layer.  

6.2.1 The potential mechanism of mechanically induced Ca2+ wave 
spreading in RPE cells 

The mathematical model (Study II) suggests that both the mechanically stimulated 
cell and cells from the neighboring cell layers 1 to 4 experience stretch. The stretch 
causes the influx of Ca2+ from the extracellular space through the stretch-sensitive 
Ca2+ channels. This is in agreement with the experimental data that shows the 
reduced peak normalized fluorescence values in cells close to the stimulation site in 
the absence of extracellular Ca2+ (Study I). 

It has been demonstrated that in response to various stimuli epithelial cells secrete 
ATP (Reigada and Mitchell, 2005; Mitchell, 2001) that can diffuse through the 
extracellular media and is degraded by ectonucleotidases (Reigada et al., 2005). Our 
mathematical model in Study II predicted that the amplitude of [Ca2+]i increase and 
the time to reach the peak amplitude was defined by the ligand concentration. This 
prediction is in agreement with the experimental findings of Sullivan et al. (1997) 
that showed direct correlation of [Ca2+]i transients amplitude with the concentration 
of ATP used to induce the response in cultured RPE. In addition, the mathematical 
model of Ca2+ wave spreading in airway epithelial shows a similar trend (Warren et 
al., 2010). It is, however, challenging to confirm experimentally whether only the 
stimulated cell secretes a signaling molecule, or the cells that experience the stretch, 
or all the neighboring cells. In addition, because the mechanical stimulation was done 
by making a perforation in cellular membrane, it is possible that other signaling 
factors leaked from the stimulated cell. The experimental data provided for the 
model does not allow for precise prediction of the processes occurring in the 
stimulated cells. 

It can be speculated that the molecules that passively leak or secreted from the 
stimulated cell spread through the extracellular media and interact, for example, with 
P2Y2 receptors on neighboring cells producing IP3. Thereafter, IP3 activates the 
IP3R3 receptor on the endoplasmic reticulum releasing Ca2+. (LeBeau et al., 1999) 
Even though there is no direct evidence of the presence of the type 3 IP3R receptor 
in ARPE-19 cells, the IP3R3 receptor has been found in other epithelia, such as 
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intestinal epithelium (Maranto, 1994) or airway epithelium (Sugiyama et al., 1996) 
and has been used in the modeling Ca2+ wave propagation (Warren et al., 2010). 

The initial [Ca2+]i increase caused by IP3 activates ryanodine receptor on the 
endoplasmic reticulum resulting in further elevation of [Ca2+]i (Keizer et al., 1996). 
ARPE-19 cells have been shown to express ryanodine receptors on endoplasmic 
reticulum (Wimmers et al., 2008). The described paracrine stimulation is likely to 
induce a much stronger effect compared to the stimulation caused by the stretch of 
cell layers 1-4 because of the leak of the signaling molecules through the perforation 
in the stimulated cell membrane. It is challenging, however, to determine the relative 
contribution of the two stimulation factors (diffusion of paracrine molecules and 
stretch) to the [Ca2+]i increase because performing the mechanical stimulation 
without a membrane perforation would only eliminate the leaking signaling 
molecules but will not block their possible secretion from the mechanically 
stimulated cell. 

The presence of functional GJs in ARPE-19 cells has been confirmed 
experimentally in Study I, as well as in Hutnik et al., 2008. IP3 and free cytosolic 
Ca2+ have been demonstrated to diffuse into the cytoplasm of neighboring cells via 
GJs (Romanello and D’Andrea, 2001; Christ et al., 1992) spreading the intercellular 
Ca2+ wave.  

Finally, the [Ca2+]i decreases as the sarcoendoplasmic reticulum ATPase 
(SERCA) and plasma membrane Ca2+ ATPase (PMCA) pump the Ca2+ out of the 
cytoplasm, and IP3 degrades in the cytoplasm. The resting [Ca2+]i is maintained 
through the Ca2+ leak currents. 

The built scheme based on the modeling and experimental data of the 
mechanically induced Ca2+ wave propagation in ARPE-19 cells is presented in Fig. 
8.  

In Study III, we have demonstrated that immature hESC-RPE cells propagate 
mechanically induced intercellular Ca2+ waves in a similar manner as ARPE-19 cells 
covering large areas. Thus, it can be speculated that a similar mechanism could be 
possible for immature hESC-RPE cells. 
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Figure 8. The scheme of the mechanically induced intercellular Ca2+ wave propagation in ARPE-19 
cells. Solid lines – fluxes of Ca2+, IP3, and ATP; dotted lines – possible fluxes of Ca2+, IP3, 
and ATP. The mechanically stimulated cell (MS cell) secretes a signaling molecule (e.g., 
ATP) that interacts with P2Y receptors on the neighboring cell as it diffuses along the 
monolayer. This results in the production of IP3 and consequent release of Ca2+ from the 
ER. The IP3 and Ca2+ can pass to the neighboring cells via GJs increasing the [Ca2+]i 
there. In addition, cells close to the site of stimulation (NB 1-4) experience stretch from the 
mechanical stimulation and allow extracellular Ca2+ through the SSCCs. The Abbreviations 
can be found in the “Abbreviations” section.  

6.2.2 Prediction of the suramin effect 

With our model, we attempted to predict the suramin effect on ARPE-19 cells. The 
model was able to reproduce the experimental data with blocked GJs and P2 
receptors when unphosphorylated receptor dissociation constant was increased 
together with the phosphorylation rate of P2Y2 receptors. Thus, the model suggests 
that suramin may disrupt ligand binding and enhance desensitization of P2Y2 
receptors. This finding contradicts previous observations where suramin has been 
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considered to disrupt the coupling between P2Y2 receptors and the G-protein 
(Chung and Kermode, 2005), and needs to be confirmed experimentally. 

The mathematical model presented in this thesis is the first Ca2+ signaling RPE 
model that describes Ca2+ dynamics after mechanical stimulation. It was able to 
reproduce experimental curves of RPE cells Ca2+ dynamics after mechanical 
stimulation in control conditions and after application of GJ and P2 receptor 
blockers. The model can be further improved, for example, by including voltage-
gated Ca2+ channels. In addition, it would be beneficial to test the effect of the 
signaling molecule secretion by neighboring cells.  

6.3 Spontaneous [Ca2+]i transients in hESC-RPE cells 

Spontaneous [Ca2+]i transients have been demonstrated in various cell types, 
including neurons (Catsicas et al., 1998), muscles (Dabertrand et al., 2008), and glial 
cells (Mathiesen et al., 2013). In this thesis, for the first time, spontaneous [Ca2+]i 
transients in hESC-RPEs were observed (Study III). The observations are in 
agreement with previously published studies on chick RPE (Pearson et al., 2004). 
Pearson et al. have reported that these increases are crucial for proliferation and 
differentiation of retinal progenitor cells (Pearson et al., 2005). 

Here, it was demonstrated that when hESC-RPE matured gaining more 
pigmentation and shifting their morphology from fusiform towards cobblestone, the 
percentage of cells with spontaneous [Ca2+]i transients increased. The cells with 
spontaneous [Ca2+]i increases were randomly distributed and did not depend on the 
activity of neighboring cells. In rare cases, the transient [Ca2+]i increases propagated 
as spontaneous Ca2+ waves to a few neighboring cells (Study III). 

Studies on other cell types have shown that cells may require both extracellular 
and intracellular Ca2+ stores for spontaneous [Ca2+]i increases (e.g., in smooth muscle 
cells (Dabertrand et al., 2008)) or only extracellular Ca2+ (e.g., in developing chick 
retina (Catsicas et al., 1998)). In our experiments, 28-day-cultured hESC-RPE cells 
required both Ca2+ sources to be available: if at least one Ca2+ source was blocked, 
the spontaneous [Ca2+]i transients were almost completely inhibited (Study III). In 
9-day-cultured cells, ER depletion completely abolished spontaneous [Ca2+]i 
transients, while absence of extracellular Ca2+ significantly inhibited, but not 
completely blocked them (Study III). This indicates that the mechanisms of [Ca2+]i 
transients may change during hESC-RPE maturation. In the future studies, it would 
be interesting to assess the possible difference in amplitudes of [Ca2+]i transients in 
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9- and 28-day-cultured cells using a ratiometric Ca2+-sensitive dye, e.g., fura-2-AM, 
that is more suitable for quantitative measurements. 

It has been demonstrated that GJ blockers inhibited spontaneous intercellular 
Ca2+ waves but not transient [Ca2+]i increases in single cells in chick embryo RPE 
and retina (Catsicas et al., 1998; Pearson et al., 2004). In our experiments, application 
of 18- -GA, on average, was not able to block spontaneous [Ca2+]i transients neither 
in 9-, nor in 28-day-cultured hESC-RPEs (Study III) that is in agreement with the 
literature data. 

In developing chick retina, ATP has been reported to be released by “trigger” 
RPE cells that comprised 5 to 10% of the total amount of cells with spontaneous 
[Ca2+]i transients (Pearson et al., 2004; Pearson et al., 2005). The ATP was 
responsible for the induction of spontaneous intercellular Ca2+ waves. The 
spontaneously arising intercellular Ca2+ waves were successfully inhibited by various 
GJ blockers, including 18- -GA. 18- -GA is not only known to inhibit Cx43 GJs, 
but also unopposed Cx43 hemi-channels. (Stout et al., 2004) Thus, the authors stated 
that “trigger” RPE cells produced spontaneous intercellular Ca2+ waves by releasing 
ATP through Cx43 hemi-channels. (Pearson et al., 2005) Because in our hESC-RPEs 
we saw spontaneous intercellular Ca2+ waves that involved 6-8% of cells with 
spontaneous [Ca2+]i transients (Study III), it would be of interest to correlate this 
number with the application of 18- -GA. Even though on average, the application 
of 18- -GA did not affect the percentage of cells with spontaneous [Ca2+]i transients, 
we saw large variation in different replicates (Study III). It is possible that 18- -GA 
only affected the samples with spontaneous intercellular Ca2+ waves. 

Inhibition of P2 receptors with suramin has been shown to constrain 
spontaneous intercellular Ca2+ waves but not transient [Ca2+]i increases in individual 
cells. (Pearson et al., 2005) In hESC-RPE cells suramin did not affect percentage of 
cells with spontaneous [Ca2+]i transients (Study III), that is in agreement with the 
previously published data.  

6.4 RPE wound healing 

RPE wound healing is a complex process that takes place in the eye, for example, 
after surgical interventions in AMD, and that is poorly understood (Bonilha, 2008; 
Carr et al., 2013). 

In previous studies, it has been demonstrated that RPE attachment depended on 
the cellular morphology or differentiation state: the cells with lower pigmentation 
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level attached to the substrata better than those with high pigmentation (Schwartz et 
al., 2012). In this thesis, 9-day-cultured hESC-RPE cells were demonstrated to seal 
scrape wounds faster than more mature 28-day-cultured cells, which is in agreement 
with Schwartz et al., 2012 study (Study IV). It has been reported that the ability of 
RPE cells to attach in vitro to donors’ Bruch’s membranes strongly depends on 
donor’s age (Gullapalli et al., 2005; Afshari & Fawcett, 2009). Our study confirmed 
that substratum was crucial for cellular wound healing. If the ColIV layer, the layer 
essential for maintaining cell proliferation and spreading on glass coverslips, was 
damaged during wounding, the cells showed significantly lower ability to seal the 
wounds. (Study IV) It is worth noting, however, that our results apply to hESC-
RPEs cultured on coverslips with artificial Ormocomp coating, thus, they may not 
be extrapolated directly to in vivo conditions. 

In this thesis for the first time, it was shown that wounding affects Ca2+ dynamics 
of hESC-RPE cells. It was demonstrated that in 9-day-cultured hESC-RPE samples, 
cells close to the fresh wound edges had higher percentage of cells with spontaneous 
[Ca2+]i transients (Study IV). Thus, hESC-RPEs changed their intercellular Ca2+ 
dynamics because of the injury. Possibly, these changes occurred due to the initial 
intercellular Ca2+ wave that was triggered by wounding as scrape wounds are known 
to trigger intercellular Ca2+ waves that act as an initial signal to start the wound 
healing process (Woolley and Martin, 2000). This hypothesis has to be tested 
experimentally by performing the cellular monolayer injury and recording Ca2+ 
dynamics simultaneously to assess the initial Ca2+ wave and consequent changes of 
[Ca2+]i. Here, the more mature 28-day-cultured cells did not exhibit increase in the 
percentage of cells with spontaneous [Ca2+]i transients (Study IV). In Study III it 
was shown that the %RCsp in 35-day-cultured cells was at the same level as in 28-
day-cultured hESC-RPEs, therefore, it is possible that the wounded monolayer was 
unable to elevate the number of cells with spontaneous [Ca2+]i transients. An 
alternative explanation is that in 28-day-cultured cells, the initial intercellular Ca2+ 
wave triggered by the wounding is not able to propagate as far as in 9-day-cultured 
cells (as was shown in the experiments with single cell mechanical stimulation in 
Study III). Thus, the changes in Ca2+ dynamics would be visible in the lower number 
of cells compared to 9-day-cultured cells. 

When the cells were injured on day 9 of culture and then allowed to heal for 7 
days, the cells in the healed areas did not have significant differences in spontaneous 
and mechanically induced Ca2+ activities compared to the undamaged neighboring 
cells (Study IV). The morphology of the cells in the wound area was similar to that 
of the surroundings. However, when 28-day-cultured cells were injured and then 
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healed for 7 days, the cells in the healed zones had fusiform morphology, reduced 
percentage of cells with spontaneous [Ca2+]i transients, and wide-spreading 
mechanically induced intercellular Ca2+ waves (Study IV). Hence, the cells in the 
healed zone resembled the morphology and Ca2+ dynamics of immature hESC-RPE 
cells. (Study IV) 

6.5 Future prospects 

The main goals of this research were to gain deeper understanding of human RPE 
Ca2+ dynamics, to develop tools for analyzing Ca2+ dynamics from a large number 
of cells, and to elucidate factors that affect normal [Ca2+]i behavior in cells, such as 
maturation or wounding. Here, ARPE-19 and hESC-RPE were used as RPE cell 
models, and according to experiments presented in this thesis, immature hESC-
RPEs have similar Ca2+ dynamics as ARPE-19 cells. The Ca2+ dynamics of mature 
hESC-RPEs cells is different than that of immature hESC-RPEs and ARPE-19 cells. 
Still, these results need to be directly confirmed with native human RPE by 
performing comparable experiments on spontaneous and mechanically induced Ca2+ 
activity. 

The results reported in this dissertation revealed that hESC-RPE cells at different 
maturation stages vary drastically both in mechanically induced and spontaneous 
Ca2+ activities. This knowledge may benefit the development of assays for 
assessment of RPE cellular maturation status. Such assays can be used along with 
routine gene expression measurements, for example, prior to transplantations or in 
drug-testing, to select the appropriate maturation level of the cells. 

 The experiments on hESC-RPE wound healing demonstrated the importance of 
cellular maturation status on the speed and success of the wound healing process. In 
addition, it was shown that spontaneous [Ca2+]i transients undergo significant 
changes around the wound edge. This knowledge could benefit the research of RPE 
wound healing, for example, after CNV excision. Because the experiments on wound 
healing in hESC-RPE cell cultures had good reproducibility and predictable rate of 
wound closure, these models are suitable for drug testing. 

In order to utilize the measurements of Ca2+ dynamics in any test systems, the 
analysis of the Ca2+ dynamics data must be fast, efficient, replicable, and reliable. 
Thus, it is crucial to continue the development of tools for automatic cell 
segmentation, including fusiform cells, analysis of fluorescence curves, and detection 
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of intercellular Ca2+ waves. Such tools could also be applied to other epithelia and 
other types of fluorescent reporters. 
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7 CONCLUSIONS AND MAIN FINDINGS 

In this dissertation, we investigated mechanically induced and spontaneous [Ca2+]i 
transients in human RPE cells. In addition, we studied the effect of cellular 
maturation, scrape wounding and consequent wound healing on Ca2+ dynamics. The 
major contributions and conclusions were:  

• The methods to efficiently investigate Ca2+ dynamics in a large number 
of cells were developed. 

• The mechanical stimulation of a single cell in a monolayer was 
demonstrated to trigger an intercellular Ca2+ wave in human RPE cells. 

• In immortalized human RPE ARPE-19 cells, the mechanically induced 
intercellular Ca2+ waves were shown to propagate via gap junctional and 
paracrine routes. 

• In hESC-RPE cells, maturation status was shown to dramatically affect 
spontaneous and mechanically induced [Ca2+]i transients. In less mature, 
fusiform, hESC-RPE the lower spontaneous and higher mechanically 
induced Ca2+ activity was detected compared to more mature, 
cobblestone, hESC-RPE cells. 

• In hESC-RPE cells, the fresh scrape wounds were shown to increase the 
percentage of cells with spontaneous [Ca2+]i transients close to wound 
edges. The cells in healed areas of hESC-RPE monolayers were 
demonstrated to resemble Ca2+ dynamics of immature hESC-RPEs. 

• The wound healing capacity of immature hESC-RPE cells was shown to 
be greater than that of mature hESC-RPE cells. 

The results of this thesis provide insights for better understanding of RPE Ca2+ 
signaling, which is essential in assessing cellular functionality in transplantation and 
wound healing studies, as well as in drug discovery and toxicology tests. 
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a b s t r a c t

Ca2þ signaling is vitally important in cellular physiological processes and various drugs also affect Ca2þ

signaling. Thus, knowledge of Ca2þ dynamics is important toward understanding cell biology, as well as
the development of drug-testing assays. ARPE-19 cells are widely used for modeling human retinal
pigment epithelium functions and drug-testing, but intercellular communication has not been assessed
in these cells. In this study, we investigated intercellular Ca2þ communication induced by mechanical
stimulation in ARPE-19 cells. An intercellular Ca2þ wave was induced in ARPE-19 monolayer by point
mechanical stimulation of a single cell. Dynamic changes of intracellular Ca2þ concentration ([Ca2þ]i) in
the monolayer were tracked with fluorescence microscopy imaging using Ca2þ-sensitive fluorescent dye
fura-2 in presence and absence of extracellular Ca2þ, after depletion of intracellular Ca2þ stores with
thapsigargin, and after application of gap junction blocker a-glycyrrhetinic acid and P2-receptor blocker
suramin. Normalized fluorescence values, reflecting amplitude of [Ca2þ]i increase, and percentage of
responsive cells were calculated to quantitatively characterize Ca2þ wave propagation. Mechanical
stimulation of a single cell within a confluent monolayer of ARPE-19 cells initiated an increase in [Ca2þ]i,
which propagated to neighboring cells in a wave-like manner. Ca2þ wave propagated to up to 14 cell tiers
in control conditions. The absence of extracellular Ca2þ reduced [Ca2þ]i increase in the cells close to the
site of mechanical stimulation, whereas the depletion of intracellular Ca2þ stores with thapsigargin
blocked the wave spreading to distant cells. The gap junction blocker a-glycyrrhetinic acid reduced
[Ca2þ]i increase in the cell tiers close to the site of mechanical stimulation, indicating involvement of gap
junctions in Ca2þ wave propagation. The P2-receptor blocker suramin reduced the percentage of
responsive cells participating in Ca2þ wave spreading beyond the fourth cell tier, showing the necessity
of P2-receptors for Ca2þ wave propagation. In disconnected, i.e., subconfluent, ARPE-19 cell clusters Ca2þ

wave spreading was considerably less efficient compared to that in confluent ARPE-19 monolayer at the
same distances. ARPE-19 cells showed repeatable and robust Ca2þ dynamics after mechanical stimulus.
The ARPE-19 cells exhibited two different mechanisms of Ca2þ wave propagation dependent on the cell
location: in the cells close to the site of mechanical stimulation the Ca2þ wave propagated mainly
through gap junctions and required Ca2þ from both intracellular Ca2þ stores and extracellular media,
while farther away the propagation was more dependent on the purinergic receptors and did not require
extracellular Ca2þ. The proposed method could provide a tool to assess the drug-induced changes in
intercellular communication in in vitro assays in human retinal pigment epithelial cells.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Ca2þ is a major signaling molecule that dictates cellular fate in
the secretion of growth factors (Barg, 2003), cell differentiation
(Black and Smith, 1989), and cell death (Mattson and Chan, 2003).
Intercellular communication (IC) is also strongly dependent on
Ca2þ signaling (Rottingen and Iversen, 2000). IC is a fundamental
property of cells that allows them to work as a biological tissue.
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Drugs influence IC through various routes, such as membrane re-
ceptors (Baurand and Gachet, 2003), Ca2þ pumps (Brini and
Carafoli, 2009), and ion channels (Overington et al., 2006). Thus,
information about Ca2þ dynamics can be used in the development
of drug testing assays.

Mechanical stimulation is known to induce a rapid increase in
the intracellular Ca2þ concentration ([Ca2þ]i), which spreads from
mechanically stimulated cells to neighboring cells in a wave-like
manner. Ca2þ waves have been shown to occur in different types
of cells: neurons (Charles et al., 1996), glial cells (Charles et al.,
1991), osteoblasts (Xia and Ferrier, 1992), hepatocytes (Schlosser
et al., 1996), epithelial cells (Churchill et al., 1996; Stalmans and
Himpens, 1998), and endothelial cells (D’hondt et al., 2007). Thus,
mechanical stimulation of a single cell can be utilized to study IC.

Ca2þ waves can be induced by two separate routes: intra-
cellularly via gap junctions (GJ) or via the extracellular medium, the
so-called paracrine route. GJ are intercellular protein channels that
allow controlled direct exchange of molecules. The pore size of GJ
channels allows for diffusion of molecules of less than 1000 Da
(such as ions [Naþ, Kþ, Ca2þ, Hþ], inositol 1,4,5-trisphosphate [IP3],
and nucleotides (Evans and Martin, 2002; Goodenough et al., 1996;
Sáez et al., 2003)). GJ are made of six connexins and form a struc-
ture called a connexon that pierces the plasma membrane of one
cell and docks with a connexon of the neighboring cell, creating an
intercellular channel (Giepmans et al., 2003). GJ play an essential
role in coordinating tissue functions (Mese et al., 2006). Paracrine
IC, in contrast to GJ IC, does not require cell-to-cell apposition.
Paracrine IC involves the release of signaling molecules from the
cell into the extracellular medium. Signaling molecules activate
neighboring cells as they diffuse.

ATP is probably the most studied paracrine factor involved in
Ca2þ wave propagation. This has been examined in several cell
types such as epithelial, endothelial, glioblastoma, and glioma cells
(Cotrina et al., 1998; Gomes et al., 2005; Klepeis et al., 2004). In-
vestigations conducted on airway epithelial cells suggest that IP3,
which is elevated bymechanical stimulation, acts as a messenger in
cell-to-cell communication (Boitano et al., 1992; Sanderson et al.,
1990). These studies demonstrate that IP3-sensitive Ca2þ stores
are needed for Ca2þ wave propagation. It has been proposed that
IP3 can either diffuse via GJ from mechanically stimulated cells
(Sanderson et al., 1994) or is generated in cells due to purinergic
receptor activation by ATP released from mechanically stimulated
cells (Jorgensen et al., 1997; Nezu et al., 2010).

In this work, we examined the intercellular Ca2þ signaling
transduction mechanism in a human retinal pigment epithelium
(RPE) cell line, ARPE-19. The RPE is the outermost retinal layer lying
just outside the neurosensory retina. The RPE forms a barrier that
controls the transcellular water and ion transport between choroid
and neural retina. This balance maintains photoreceptors micro-
environment (Steinberg, 1985; Strauss, 2005). The RPE also plays
a major role in renewal of photoreceptors, exerting phagocytosis on
rods and cones outer segments, and reisomerization and transport
of 11-cis retinal (Boulton and Dayhaw-Barker, 2001; Strauss, 2005).

Ca2þ is known to be involved in most of the crucial RPE func-
tions, such as controlling of water and ion balance in subretinal
space during dark and light adaptation (Fain et al., 2001), triggering
of phagocytosis and secretion of growth factors (Wimmers et al.,
2007).

Tissues undergo mechanical stress in several pathologic condi-
tions. RPE cells in the back of the eye encounter mechanical stress,
which can lead to retinal detachment, e.g., in proliferative diabetic
retinopathy or proliferative vitreoretinopathy (Seko et al., 1999).
The most abrupt form of mechanical stress in retina is the retinal
tear. It can arise spontaneously, but is often associated to treat-
ments for age-related macular degeneration, i.e., intravitreal

injections or photodynamic therapy. The RPE cells are subjected to
the mechanical stress also after the tear, during the healing of the
RPE (Barkmeier and Carvounis, 2011). Mechanical stimulation
allows activating Ca2þ signaling and study stress-induced physio-
logical processes in RPE cells.

The ARPE-19 cell line is widely used to model basic RPE cell
functions (Abe et al., 2003; Alizadeh et al., 2001; Dunn et al., 1998;
Milbury et al., 2007; Narayan et al., 2003; Slomiany and
Rosenzweig, 2004; Wrona et al., 2004) and to study drug effects
on RPE cells (Luthra et al., 2006; Majumdar et al., 2004). However,
until now the characteristics of intercellular Ca2þ communication
in ARPE-19 cells has not been elucidated. The purpose of this study
was to investigate the characteristics of Ca2þ wave propagation in
ARPE-19 cells. In this study, we assessed Ca2þ wave spreading after
mechanical stimulation in various culture conditions, including
application of chemicals affecting this phenomenon, to explore the
processes that mediate coordinated cellular responses.

2. Materials and methods

2.1. Cell culture

Studies were performed using commercial human RPE immor-
talized cell line (ARPE-19 cells [ATCC Manassas, VA, U.S.A.]). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (PAA Laboratories, Cölbe, German), 2 mM glutamax
(Life Technologies, Carlsbad, CA, USA), and an antibiotic mixture of
100 U/ml penicillin/streptomycin (Cambrex Bio Science, Walkers-
ville, MD, USA). The cells were cultured at 37 �C in a humidified
atmosphere containing 5% CO2 until they were 80% confluent. For
experiments, the cells were seeded on a cell culture dish with
a glass bottom (diameter 35 mm, height 5 mm, glass bottom
thickness 175mm � 15 mm; Greiner Bio One Cat.-No.: 627861) or on
glass coverslips (No 1.5, Warner Instruments) at a density of
150,000 cells/cm2. Prior to seeding, the cells were washed with
Ca2þ and Mg2þ-free phosphate buffered saline (PBS) solution
(Lonza Group Ltd., Basal, Switzerland) and dissociated with
trypsineEDTA (Lonza Group Ltd.). Cells were cultured to confluence
for 2 days after seeding.

2.2. Functional studies

2.2.1. Media and chemicals for functional studies
For the measurements, the culture medium of the cells was

replaced with HEPES buffered salt solution (HBSS) containing in
(mM): 137 NaCl, 5 KCl, 0.44 KH2PO4, 20 HEPES, 4.2 NaHCO3, 5
glucose, 1.2 MgCl2, 2 CaCl2 (pH ¼ 7.37, osmolarity ¼ 330e
340 mOsm/kg). The pH was adjusted with 3M NaOH, and osmo-
larity was adjusted with 2.5M sucrose.

HBSS, excluding 2 mM CaCl2, was used in nominal free Ca2þ

experiments.
The contribution of intracellular Ca2þ stores to Ca2þ wave

propagation was studied by treating the cells with 2 mM thapsi-
gargin (SigmaeAldrich, St. Louis, MO, USA) for 10min to deplete the
intracellular Ca2þ-stores.

The spreading of the Ca2þ wave through GJ was studied in the
presence of GJ inhibitors: a-glycyrrhetinic acid (SigmaeAldrich),
quinidine (SigmaeAldrich), and 1-heptanol (SigmaeAldrich).

In these experiments, cells were incubated for 30 min in 30 mM
a-glycyrrhetinic acid, 10 min in 3, 30 and 300 mM of quinidine and
50 min in 1 mM 1-heptanol prior to the measurements. All solu-
tions were based on HBSS (pH adjusted to 7.37, osmolarity e to
330e340 mOsm/kg). 30 mM a-glycyrrhetinic acid was prepared
from the stock solution of a-glycyrrhetinic acid in DMSO. The

A.E. Abu Khamidakh et al. / Experimental Eye Research 108 (2013) 129e139130



control solution for this experiment contained an equal amount of
DMSO. In all cases, except for quinidine, measurements were
performed without an inhibitor wash-out to maintain their effect.
Quinidine was washed out before the measurements, because of its
fluorescent properties under the experimental conditions of Ca2þ

imaging. Measurements with quinidine were performed immedi-
ately after the wash-out.

Propagation of the Ca2þ wave via purinergic receptors was
studied with a P2-receptor blocker suramin (SigmaeAldrich). The
cells were preincubated with 50 mM suramin for 25 min prior to
mechanical stimulation in normal or Ca2þ-free conditions or in
presence of 2 mM thapsigargin.

Concentrations and treatment times for thapsigargin, GJ
blockers, and suramin used for the experiments are summarized in
Table 1.

2.2.2. Cell viability test
Cell viability was assessed in ARPE-19 cells under control con-

ditions and after treatment with GJ blockers, suramin, and thapsi-
gargin with the Live/Dead Viability/Cytotoxicity kit for Mammalian
cells (Invitrogen). Briefly, the cells were rinsed with Dulbecco’s PBS
and incubated at room temperature for 40 min with a mixture of
0.25 mM calcein AM (green fluorescence) and 0.5 mM ethidium
homodimer-1 (red fluorescence, EthD-1). A fluorescence micro-
scope (Olympus IX51) was used to image the viable cells (green
fluorescence) and dead cells (red fluorescence) with a 10� long
working distance objective. The experiments were performed two
times.

2.2.3. Scrape loading/dye transfer assay
GJ intercellular communication was assessed with the scrape

loading/dye transfer assay (El-Fouly et al., 1987). ARPE-19 cells were
grown in the same manner as for live cell Ca2þ imaging. After
medium was removed, cells were scraped with a surgical scalpel,
and Alexa Fluor 568 hydrazide (Invitrogen, 1:1000), that can pass
through gap junctional channels (Weber et al., 2004), dissolved in
HBSS was added. After 15min incubation the cells were rinsed with
Dulbecco’s PBS (Lonza Group Ltd., Basal, Switzerland), and visual-
ized immediately with fluorescence microscope (Olympus IX51)
using a 20� air objective.

To test the effectiveness of GJ blocker a-glycyrrhetinic acid, the
cells were incubated with 30 mM a-glycyrrhetinic acid for 30 min
prior the scrape loading/dye transfer test, and 30 mM a-glycyr-
rhetinic acid was added to the hydrazide-containing solution.

Experiments were repeated twice in several biological
replicates.

2.2.4. Mechanical stimulation for inducing a Ca2þ wave
Mechanical stimulation was induced with a glass micropipette

mounted on a Luigs & Neumann SM 5e9 vertical micro-injection
system. The pipette was intermittently lowered, thereby stimulat-
ing the cell of interest. The pipette for the stimulationwas made by
melting a glass capillary (Harvard Apparatus Ltd; PG150T-7.5,

1.5 mm � 1.16 mm � 7.5 cm) with a Narishige patch clamp puller
and Microforge for flame polishing of capillary tips. The tip was
sealed by melting.

In our experiments, we chose to perform the stimulation
with membrane perforation to achieve an equivalent stimulation
strength across all experiments. Furthermore, stimulation was
visually controlled by the appearance of a black dot on fluorescence
images, indicating perforation (data not shown).

2.2.5. Ca2þ imaging
ARPE-19 cells were loaded with the Ca2þ-sensitive dye fura-2-

acetoxymethyl ester (fura-2 AM; Invitrogen, Molecular Probes).
Fura-2 AM was dissolved in DMSO (SigmaeAldrich) and added to
the HBSS. The cells were incubated with 8 mM fura-2 AM for 40 min
at 37 �C. After loading, the cells were washed 10 times with HBSS
without fura-2 AM before adding the final volume of HBSS or
modified HBSS (Ca2þ-free, thapsigargin, GJ blockers or suramin
containing HBSS).

Ca2þ wave spreading was inspected with an Olympus IX51 flu-
orescence microscope and ANDOR iXion 885 camera. Cells were
excited at 340 nm and 380 nm with Polychrome V. Fluorescence
emission was collected at 510 nm.

2.2.6. Data analysis
The ratio images (i.e., 340e380 nm image pairs) were recorded

at a speed of 1 image per second and processed offline with TiLL-
visION (v.4.5.65) and in house MatLab (R2010b, Mathworks)
software.

Cell boundaries were defined in TiLLvisION software. Each cell
was numbered, starting from the mechanically stimulated (MS) cell
and then to all visible neighboring (NB) cells in the field of view. The
NB cells immediately surrounding MS cell were defined as the first
NB cell layer (NB layer 1), cells immediately surrounding the first
layer were defined as the second NB layer (NB layer 2), and so on
(Fig. 1). Emitted fluorescence intensities from the respective exci-
tations were averaged for each cell.

The ratio of emitted fluorescence intensities resulting from
excitation at 340 and 380 nm (F340/F380) was determined for each
cell after background correction. Normalized fluorescence (NF) was
then obtained by dividing the fluorescence value by the mean
fluorescence value before the point of mechanical stimulation.

Table 1
Reagents used in Ca2þ imaging experiments.

Reagent Concentration,
mM

Treatment
time, min

Wash out

Thapsigargin 2 10 �
a-glycyrrhetinic

acid
30 30 �

Quinidine 3, 30, 300 10 þ
1-Heptanol 1000 50 �
Suramin 50 25 �

Fig. 1. Definition of neighboring (NB) cell layers on a confluent cell monolayer. Labels:
MS e the mechanically stimulated cell, NB layer 1 e first neighboring layer is in direct
contact with MS; NB layer 2 e second neighboring layer is in direct contact with NB
layer 1, and so on.
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Intercellular wave propagation was characterized by the maximum
NF (peak NF) and the percentage of responsive cells (%RC). Cells
with peak NF < 1.5 were considered not responsive. The results are
expressed as mean � SEM. The total number of responsive cells
used to calculate mean NF in NB cell layer number X is indicated
as nx. All experiments were performed at least three times.

The time needed for the Ca2þ wave to propagate to one subse-
quent NB cell layer in interconnected cells was calculated as the
time between NF peaks in two adjacent cell layers.

The speed of Ca2þ waves in disconnected cell clusters was
estimated by dividing the distance between the MS cell and the NB
cell in mm over the time between the NF peaks in these cells. In this
case the speed is expressed in mm/s.

2.2.7. Statistics
Two-sample, unpaired Student’s t-test (Matlab R2010b, Math-

works) was used to determine the statistical significance between
the mean normalized fluorescence values in different groups.
P < 0.05 was considered statistically significant.

2.3. Immunofluorescence staining

The morphology of the cells and the localization of connexin 43
were assessed with immunofluorescence labeling that was per-
formed as previously described in Vaajasaari et al. (2011). Briefly,
confluent cell cultures either grown on Greiner glass bottom dishes
or coverslips were rinsed in PBS 3 times and fixed in 4% paraf-
ormaldehyde (SigmaeAldrich) in 1� PBS (Lonza Group Ltd) for
10 min. After 3 rinses with PBS, the cells were permeabilized in
0.01% Triton X (SigmaeAldrich) in PBS buffer for 10 min at room
temperature. Thereafter, cells were washed 3 times in PBS and
unspecific binding sites were blocked with 3% bovine serum albu-
min (SigmaeAldrich) in PBS for 1 h. Then the cells were treated
with primary antibodies rabbit-anti-human connexin 43 (Sigma,
cat: C6219, 1:1000 dilution in 0.5% BSA-PBS) present in GJ labeling,
mouse-anti-human ZO-1 (Gibco Invitrogen, cat: 33-9100, 1:250
dilution in 0.5% BSA-PBS) for protein present in tight junction
labeling. After 1 h incubation at room temperature, the cells were
washed three times with 1� PBS and thereafter subjected to sec-
ondary antibodies, Alexa Fluor 488 donkey-anti-rabbit and Alexa
Fluor 568 donkey-anti-mouse IgG (both from Molecular Probes,
Life Technologies, Paisley, UK, in 1:1500 dilution in 0.5% BSA-PBS).
Actin filaments were stained with Phalloidin tetra methyl rhod-
amine B isothiocyanate (SigmaeAldrich) in 1:300 dilution in 0.5%
BSA-PBS) simultaneously with secondary antibodies. After 1 h

incubation at room temperature, the cells were rinsed 3 times with
PBS. Stained cells weremountedwith Vectashield mount with 40, 60

diamidino-2-phenylidole (DAPI [Vector Laboratories Inc., Burlin-
game, CA, USA]), which stained the nuclei. Images were taken with
Olympus IX51 microscope with a 40� objective.

3. Results

3.1. Morphology of ARPE-19 cells

In this study, monolayers of human ARPE-19 cells grown for 2
days after seeding were used in all experiments, except the
experiment on non-interconnected cell clusters.

The confluent layer had Cx43-positive labeling, that can be seen
on the edges of the cells (Fig. 2A and B), phalloidin localized both on
cell edges and on stress fibers indicating that some of the cells had
fusiform and some already a cobblestone morphology, respectively
(Fig. 2A), and tight junctions were observed with ZO-1 labeling
(Fig. 2B).

3.2. Mechanical stimulation induces a [Ca2þ]i increase, which
propagates to neighboring cells

Mechanical stimulation of a single cell in a confluent monolayer
initiated an increase in the intracellular Ca2þ concentration
([Ca2þ]i), which propagated to neighboring cells in a wave-like
manner seen in the fluorescence images in Fig. 3A.

The kinetics of fluorescence, reflecting [Ca2þ]i transients, in cells
from NB layers 1e11 are shown in Fig. 3B. Each line graph repre-
sents mean NF values from 13 experiments (60e208 cells for each
line graph). The decrease of peak NF and the increase in the
response delay of NB cells with an increase in the NB cell layer
number is evident from the graph. The rate of the decrease in NF
after achieving the peak NF was similar in all NB layers. The rate of
the increase in NF before achieving the peak NF decreased from
0.65� 0.16 NF units/s in NB layer 1 to 0.04 � 0.004 NF units/s in NB
layer 10. Ca2þ wave propagated to the subsequent NB layer within
1.5 s when spreading through NB layers 2e4, and within 3.5 s when
spreading through NB layers 4e15. Taking into account cell size
variability, the speed of Ca2þ wave propagation in NB layers 2e4
was in the range of 16.7e33.3 mm/s and in NB layers 4e15 e 7.1e
14.3 mm/s.

Propagation of the Ca2þ wave was typically discontinuous
within the cells with short delays separating rapid increases in

Fig. 2. Representative ARPE-19 cell monolayers used for live cell imaging. A e gap junction component Cx43 (green) and actin (red), B e Cx43 (green) and tight junction component
ZO-1 (red). Scale bar: 20 mm.
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individual cells, as seen in Fig. 3. The wave spread to 13.7 � 2.1 cell
layers away from the site of mechanical stimulation.

3.3. The origin of [Ca2þ]i increase

The increase in intracellular [Ca2þ]i induced by mechanical
stimulation may originate from an extracellular Ca2þ influx, or Ca2þ

release from intracellular Ca2þ stores, or both. To determine the
contribution of extracellular and intracellular Ca2þ to transient
[Ca2þ]i increases, we performed mechanical stimulation in Ca2þ-
free medium and after the depletion of intracellular Ca2þ-stores
with 2 mM thapsigargin (Fig. 4A and B).

Mechanical stimulation in Ca2þ-free extracellular medium still
induced Ca2þ waves. The increases in [Ca2þ]i (represented by
maxima of NF values) induced by mechanical stimulation in Ca2þ-
free and control conditions are shown as line graphs in Fig. 4A.
Mechanical stimulation in Ca2þ-free HBSS resulted in decreased
peak NF values in the cells in NB layers 1e3 compared to control
cells. The peak NF values, which occurred due to stimulation in

Ca2þ-free conditions, in cells located farther than NB layer 5 were
higher than in controls. The overlap of the two curves representing
peak NF values for the cells in control and Ca2þ-free conditions is
shown in Fig. 4A.

The rate of the cells that responded to mechanical stimulation
is represented as a graph, where each point corresponds to the %
RC in a certain NB layer (Fig. 4B). In the absence of extracellular
Ca2þ, the waves typically spread to the same distance as in the
control condition. In rare cases, [Ca2þ]i transients could be
observed in up to 17 cell layers away from the site of mechanical
stimulation, which is approximately three NB layers farther than
that in controls.

The depletion of intracellular Ca2þ stores with thapsigargin,
which inhibits Ca2þ-ATPase in the endoplasmic reticulum
(Thastrup et al., 1990), resulted in dramatically reduced Ca2þwaves.
Following 10 min Ca2þ depletion, the distance to which the Ca2þ

wave propagated was decreased to NB layers 2e4. The peak NF
values (Fig. 4A) and the %RC were significantly reduced in these NB
cell layers (Fig. 4B).

Fig. 3. Ca2þ wave propagation in ARPE-19 cell layers. A e pseudocolored fluorescence images of ARPE-19 monolayer at different time points after mechanical stimulation. The color
represents fluorescence changes in fura-2 induced by [Ca2þ]i changes. The first image shows the fluorescence intensities before the stimulation. The second image (0 s) shows the
moment of stimulation. The stimulated cell is indicated with a white arrow. Scale bar: 100 mm. B e Time course of the mean normalized fluorescence in NB layers 1e11. Black arrow
indicates the time of mechanical stimulation.
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3.4. The route of Ca2þ wave propagation

Because Ca2þ waves can propagate either extracellularly via
media or from cell to cell via GJ, we examined whether we could
detect the most common component of GJ, connexin 43 (Cx43) in
these cells. Expression of Cx43 was confirmed by immuno-
fluorescence labeling, which showed an array on the edges of
ARPE-19 cells (Fig. 2). The functionality of GJ was defined with dye
scrape/loading assay (Fig. 5A).

To examine the involvement of GJ in the propagation of Ca2þ

waves, we incubated ARPE-19 cells with the GJ inhibitors 18-a-
glycyrrhetinic acid (18-a-GA), quinidine, and 1-heptanol prior to
the mechanical stimulation.

18-a-GA influences Cx43 and disrupts GJ communications be-
tween cells (Guo et al., 1999). Our preliminary experiments with
scrape loading/dye transfer assays indicated an effective inhibition
of GJ by 18-a-GA as shown in Fig. 5B. Thus, we used it to block GJ in
live Ca2þ imaging experiments. 18-a-GA reduced peak NF values in
allNBcell layers (Fig. 4C). Theeffectwasmostprominent atNB layers
1e8, where the peak NF values were reduced by 20e37%. Beyond
NB layer 8, the effect was less prominent. 18-a-GA did not reduce
the distance of Ca2þ wave spreading or the %RC (data not shown).

1-Heptanol, which is a non-specific GJ blocker (Spray et al.,
2002), did not affect the Ca2þ wave propagation and did not have
a major effect on peak NF values (Fig. 4D), the %RC, or the distance
of Ca2þ wave propagation (data not shown).

Quinidine has not been shown to interfere with Cx43 hemi-
channels, however, it is considered as a potential gap junction
blocker. Moreover, quinidine has substantial non-specific effects on
variety of cascades that might affect Ca2þ wave propagation
(Juszczak and Swiergiel, 2009). In our experiments, the application
of quinidine resulted in a complete inhibition of Ca2þ waves. The
effect of quinidine was reversible, and the waves were restored
after quinidine had been washed out.

To estimate a possible contribution of extracellular factors to
Ca2þ waves propagation we assessed the spreading of Ca2þ waves
in non-interconnected, i.e., subconfluent, cell clusters consisting of
3e10 cells. When a single cell within a cell cluster was exposed to
mechanical stimulation, the Ca2þ wave spread to all the cells in the
cluster. The clusters were typically small and contained no more
than 3 to 6 NB layers (Fig. 6A). After a short time lag, an increase
in the fluorescence occurred in some of the cells that were not
physically connected to the group containing theMS cell. The speed
of Ca2þ wave propagation was 4.2 � 0.2 mm/s. The %RC in

Fig. 4. Alterations of the Ca2þ wave spread in the absence of extracellular Ca2þ, after the depletion of intracellular Ca2þ stores, and in the presence of GJ and P2-receptor
blockers. A e Mean normalized fluorescence (NF) peak values in control (n1e12 ¼ 113e364, n13e15 ¼ 22e48) and Ca2þ-free conditions (n1,2,12e15 ¼ 23e75, n3-11 ¼ 113e184)
for NB layers 1e15 and after the depletion of intracellular Ca2þ stores with 2 mM thapsigargin (n1,2 ¼ 28e59, n3,4 ¼ 2e6). B e Percentage of responsive cells in NB layers 1e15 in
control, Ca2þ-free conditions, after the depletion of intracellular Ca2þ stores with 2 mM thapsigargin and after P2-receptor blockade with 50 mM suramin in absence and
presence of extracellular Ca2þ. C e Mean NF peak values induced by stimulation in control conditions (n1e3,13e15 ¼ 12e43, n4e12 ¼ 42e72) and after incubation with 30 mM a-GA
(n1e3,10e15 ¼ 17e91, n4e9 ¼ 107e143) for 30 min for NB layers 1e15. D e Mean NF peak values induced by stimulation in control conditions (n1e12 ¼ 113e364, n13e15 ¼ 22e48)
and after incubation with 1 mM 1-heptanol (n1e3,13e15 ¼ 10e36, n4e11 ¼ 48e74) for 50 min for NB layers 1e15. *statistically significant difference.
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disconnected cell clusters was significantly lower than that in
confluent cells. The %RC at different distances from the MS cells in
subconfluent and confluent layers is shown in Fig. 6B.

To examine the involvement of P2-receptors in Ca2þ wave
propagation, we preincubated the cells with suramin, which has
been reported to block P2-receptors (Dunn and Blakeley, 1988;
Frame and de Feijter, 1997) prior to mechanical stimulation. Sur-
amin treatment dramatically reduced %RC beyond NB layer 4
(Fig. 4B). Suramin did not affect NF values in responsive cells (data
not shown).

To determine the contribution of P2Y receptors to Ca2þ wave
propagation, we preincubated the cells with suramin in Ca2þ-free
extracellular medium. Suramin caused a marked reduction of %RC
beyond NB layer 4 under Ca2þ-free extracellular conditions
(Fig. 4B).

The involvement of P2X receptors in Ca2þwave propagationwas
studied with thapsigargin and suramin treatment before mechan-
ical stimulation. This treatment did not have an effect on %RC
compared to thapsigargin treatment alone (data not shown).

3.5. Cell viability

Microscopic observations revealed that treatment with 18-a-
GA, 1-heptanol, quinidine, suramin and thapsigargin did not have
an effect on ARPE-19 cell viability (Fig. 7).

4. Discussion

The RPE cells are essential in maintaining viability of photore-
ceptors (Bok, 1993; Steinberg, 1985; Strauss, 2005; Wimmers et al.,

2007). Many of RPE functions are regulated by changes in intra-
cellular free Ca2þ, for example, increases in intracellular free Ca2þ

regulate water and ion transport (Joseph and Miller, 1992), phag-
ocytic activities of RPE (Nguyen-Legros and Hicks, 2000), dark and
light adaptation of photoreceptors cells (Lavallee et al., 2003) and
secretion of growth factors (Barg, 2003).

Intracellular Ca2þ signals can spread to adjacent cells in a wave-
like manner, thereby constituting an intercellular signal that can
synchronize an otherwise uncoordinated response (Rottingen and
Iversen, 2000). Thus, the characteristics of Ca2þ waves, such as
speed, distance, and dynamics of propagation, provide important
information about cell and tissue level functions.

Mechanically induced Ca2þ waves have been assessed in several
cell types: epithelial cells (Churchill et al., 1996; Frame and de
Feijter, 1997; Stalmans and Himpens, 1998), endothelial cells
(D’hondt et al., 2007, Gomes et al., 2005; Moerenhout et al., 2001),
articular chondrocytes (D’Andrea and Vittur, 1996), and osteosar-
coma cells (Gomez et al., 2001). In human RPE cells, however, this
has not been studied.

In most of previous papers, mechanical stimulation was per-
formed by touching the cellular membrane without visible mem-
brane damage (D’hondt et al., 2007, Frame and de Feijter, 1997;
Gomes et al., 2005; Moerenhout et al., 2001; Stalmans and
Himpens, 1998). We induced mechanical stimulation by making
a small perforation in a single cell, so that stimulation could be
visibly detected, the strength of the stimulus would be easier to
control andwewould know that equal stimuli were applied in all of
our experiments.

Mechanically induced Ca2þ waves spread typically no further
than 8 tiers: 4.2 � 0.1 cell tiers for ovine lens epithelium (Churchill

Fig. 5. Scrape loading/dye transfer assay with hydrazide. Cell-free lane is the line scraped with a surgical scalpel. A e control, B e after treatment with 30 mM 18-a-GA for 30 min.
Scale bar: 100 mm.

Fig. 6. Ca2þ wave spreading in disconnected cell clusters. A e a representative fluorescent image of subconfluent cells loaded with fura-2 dye. Scale bar: 100 mm. B e Percentage of
responsive cells during Ca2þ wave propagation in subconfluent and confluent ARPE-19 cell layers at different distances from mechanically stimulated cell.
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et al., 1996), 4e6 cell tiers in corneal endothelial cells (D’hondt
et al., 2007, Gomes et al., 2005), 2e3 cell tiers in Long-Evans rats
RPE LE-RPE (Himpens et al., 1999), 2 cell tiers in immortalized rat
RPE RPE-J cell line (Gomes et al., 2003) and 4e8 cell tires in rat liver
epithelial cells (Frame and de Feijter, 1997). In our experiments,
Ca2þ waves spread to up to 13.7 � 2.1 cell layers, which is

significantly farther compared to previously obtained data. Such
a long wave spread distance can probably be attributed to the
intrinsic properties of ARPE-19 cells, e.g., the high number of gap
junctions observed by immunofluorescence labeling. This result is
not likely to be associated with the membrane perforation that
occurred after mechanical stimulation, because when we applied

Fig. 7. Cell viability test performed after the following treatments: AeC e control; DeF e 30 mM glycyrrhetinic acid, 30 min incubation; GeI e 1 mM heptanol, 50 min incubation;
JeL e 30 mM quinidine, 10 min incubation; MeO e 50 mM suramin, 25 min incubation; PeR e 2 mM thapsigargin, 10 min incubation. Representative images of the ARPE-19 cells
taken with phase contrast microscopy (A, D, G, J, M, P), viable cells loaded with calcein-AM (B, E, H, K, N, Q) and dead cells loaded with ethidium bromide (C, F, I, L, O, R) taken with
fluorescence microscopy. Scale bar: 100 mm.
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mechanical stimulationwithout membrane perforation, the results
were not appreciably different from those described above (data
not shown).

In this study, the kinetics of normalized fluorescence, reflecting
the Ca2þ kinetics, at different cell layers were different. Specifically,
the rate of the increase in Ca2þ was dissimilar in various neigh-
boring cell layers: the farther the neighboring cell layer from the
site of mechanical stimulation, the slower the rate of the Ca2þ

increase. This can be interpreted as that the cell receives more
mixed stimulation farther away from the place of induction. This
mixed stimulation occurs because the Ca2þ waves do not spread
equally in different directions, thus the surrounding cells are not
stimulated simultaneously. Moreover, even though the stimulus
spread looks like a wave, the cells do not respond equally to the
stimulation, which also contributes to the diversified stimulation
from the surrounding cells.

To determine the contribution of extracellular Ca2þ to the
increase in the intracellular Ca2þ concentration, we induced the
wave in the absence of extracellular Ca2þ. Previous results on
stimulation in Ca2þ-free conditions are controversial: it has been
reported that the absence of extracellular Ca2þ was not required for
Ca2þwave propagation in ovine lens epithelial cells (Churchill et al.,
1996) and calf pulmonary artery endothelium (Moerenhout et al.,
2001), but in studies with LE- and RCS-rat RPE (Himpens et al.,
1999; Stalmans and Himpens, 1998) and rat osteosarcoma cells
(Gomez et al., 2001; Himpens et al., 1999; Moerenhout et al., 2001;
Stalmans and Himpens, 1998), the absence of extracellular Ca2þ

completely abolished Ca2þ waves. In our experiments, when me-
chanical stimulation was applied to the cells in Ca2þ-free extrac-
ellular medium, the Ca2þwave still occurred. However, the increase
in the intracellular Ca2þ concentration in the first three neighboring
cell layers was slightly lower than in the controls. Thus, in the cells
close to the mechanically stimulated cell, extracellular Ca2þ con-
tributes to the increase in the intracellular Ca2þ concentration.

To assess the role of intracellular Ca2þ stores in Ca2þ wave
propagation we depleted them with thapsigargin (Thastrup et al.,
1990). Earlier it was reported that the depletion of intracellular
Ca2þ stores leads to complete or partial inhibition of Ca2þ waves in
LE- and RCS-rat RPE (Stalmans and Himpens, 1998), ovine lens
epithelial (Churchill et al., 1996), calf pulmonary artery endothelial
(Moerenhout et al., 2001), and rat osteosarcoma cells (Gomez et al.,
2001). In our ARPE-19 cells, the depletion of intracellular Ca2þ stores
led to complete inhibition of the wave after the fourth neighboring
cell layer. Thus, the propagation of the Ca2þ wave farther than the
fourth neighboring cell layer is strongly dependent on intracellular
Ca2þ stores. A small increase in the intracellular Ca2þ concentration
still occurred in some cells fromthefirst four neighboring cell layers.
The occurrence of a faint Ca2þwave in the first four neighboring cell
layers indicates that these cells may use Ca2þ from the extracellular
medium, which can also be deduced from the results of the exper-
iments in Ca2þ-free solution, in addition to Ca2þ from intracellular
Ca2þ stores. These experiments show the differences in the Ca2þ

wave propagation mechanism in cells located close to the site of
mechanical stimulation and in distant cells.

The diffusion of signaling molecules is thought to occur either
through extracellular medium or via gap junctions (Rottingen and
Iversen, 2000). However, the molecules and mechanisms involved
are not fully elucidated.

In many cell types, Ca2þwaves spread via gap junctions (Boitano
et al., 1992; Churchill et al., 1996; D’Andrea and Vittur, 1996; Gomes
et al., 2006; Himpens et al., 1999; Sanderson et al., 1990). The
presence of gap junctions has been demonstrated in ARPE-19 cells
in Hutnik et al. (2008). We also confirmed the presence of abundant
gap junctions in ARPE-19 monolayers with immunofluorescence
staining, as well as their functionality with scrape loading/dye

transfer assay. To assess the possible contribution of gap junctions
to the Ca2þ wave propagation, we used the gap junction blockers a-
glycyrrhetinic acid, 1-heptanol, and quinidine.

a-Glycyrrhetinic acid is known to affect Cx43 integrity, which
leads to uncoupling of gap junctions (Guo et al., 1999). In cultured
articular chondrocytes, a-glycyrrhetinic acid completely blocks
Ca2þ waves (D’Andrea and Vittur, 1996), and in corneal endothelial
cells reduces the percentage of responsive cells (Gomes et al., 2006).
It also blocks gap junctions in RPE cells (Kojima et al., 2008), and
ARPE-19 cell line (Hutnik et al., 2008). We also confirmed that a-
glycyrrhetinic acid blocks gap junctions in ARPE-19 cells. In our
experiments, a-glycyrrhetinic acid reduced the [Ca2þ]i increase, but
did not influence the distance of Ca2þ wave propagation. The effect
of a-glycyrrhetinic acid was most prominent in the cells located
close to themechanically stimulated cell, indicating the importance
of gap junctions in Ca2þ wave propagation in these cells. An
incomplete inhibition of Ca2þ waves may be explained by only
partial blockade of the gap junctions or by the effect of extracellular
signaling molecules passing through the medium.

1-Heptanol has been reported as an unspecific gap junction
blocker (Spray et al., 2002) and shown to reduce the percentage of
responsive cells after mechanical stimulation in osteosarcoma cells
(Gomez et al., 2001), corneal endothelium cells (Gomes et al., 2006;
Moerenhout et al., 2001) and thymic nurse epithelial cells (Nihei
et al., 2003). In our experiments, heptanol had only minor effects
on Ca2þ wave propagation in ARPE-19 cells at a distance of neigh-
boring cell layers 7 and 8, which can probably be attributed to cells
daily variations.

Quinidine is commonly used as a gap junction blocker, however,
little is known about its mechanism of action on gap junctions
(Juszczak and Swiergiel, 2009). It has not been shown to interfere
with Cx43 hemichannels. Moreover, quinidine is known to have
vast non-specific effects on cells, such as inhibition of IP3 binding
(Juszczak and Swiergiel, 2009) and even blockade of P2-receptors
(Burnstock and Knight, 1978), thus, it was of interest to test the
effect of quinidine on Ca2þ wave propagation. Quinidine fully
blocked Ca2þ waves in our experiments with ARPE-19 cells. This
may be a result of a non-specific quinidine action on IP3 binding,
P2-receptors, as well as gap junctions.

The specific Cx43 blocker (a-glycyrrhetinic acid) partially
inhibited Ca2þ wave propagation in ARPE-19, and quinidine com-
pletely blocked Ca2þ wave propagation. However, non-specific gap
junction blocker 1-heptanol did not have an effect on Ca2þ wave
propagation.

To determine the propagation of the signal through the
extracellular medium, we performed mechanical stimulation on
subconfluent, i.e., disconnected, ARPE-19 cell clusters. In dis-
connected rat liver epithelial cells (Frame and de Feijter, 1997) and
corneal endothelial cells (Gomes et al., 2005), Ca2þ waves have
been shown to spread in the same manner as in confluent cell
layers, demonstrating that the waves can be triggered by extrac-
ellular stimulation factors. In our studies, mechanical stimulation
induced a regular Ca2þ wave in the cells that were connected to the
mechanically stimulated cell. In some cases, we observed stimu-
lation of cells that were disconnected from the mechanically
stimulated cell. However, the percentage of responsive cells never
exceeded 30%, even if the disconnected cells were very close to the
mechanically stimulated cell. Our results suggest that a factor
passing through extracellular medium is involved in Ca2þ wave
propagation, but, acting alone, it cannot induce a full scale Ca2þ

wave in ARPE-19 cells. This result is different from previously
reported findings in other cell types (Frame and de Feijter, 1997;
Gomes et al., 2005).

To assess the involvement of purines (ATP, UTP) in the extrac-
ellular pathway of Ca2þ wave propagation, we studied the effect of
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the P2-receptor blocker suramin. In mammary (Enomoto et al.,
1994; Frame and de Feijter, 1997; Gomes et al., 2005; Moerenhout
et al., 2001) and liver epithelial cells (Enomoto et al., 1994; Frame
and de Feijter, 1997; Gomes et al., 2005; Moerenhout et al., 2001)
and corneal endothelial cells (Enomoto et al., 1994; Frame and de
Feijter, 1997; Gomes et al., 2005; Moerenhout et al., 2001), sur-
amin has been shown to either completely abolish or significantly
reduce Ca2þ wave spread. However, in airway epithelial cells, it did
not influence the wave propagation (Hansen et al., 1993). In our
studies, suramin dramatically reduced the percentage of the
responsive cells beyond the fourth neighboring cell layer, but it did
not have any effect on normalized fluorescence values in the
responsive cells. This result indicates that purines play an important
role in Ca2þ wave propagation beyond the forth neighboring cell
layer.

The P2-receptors involved in Ca2þ wave propagation could be
either P2Y, a G-protein coupled receptor, or P2X receptor, a ligand-
gated ion channel (Ralevic and Burnstock, 1998). When we esti-
mated the role of P2Y receptors by suramin application in the
absence of extracellular Ca2þ the percentage of responsive cells
located farther than the fourth neighboring cell layer was radically
decreased compared to that in Ca2þ-free conditions. This indicates
the involvement of P2Y receptors in Ca2þ wave propagation beyond
neighboring cell layer four. Then when the contribution of P2X
receptors to Ca2þ wave propagation was studied by the pre-
treatment of cells with both suramin and thapsigargin, we saw
no effect on %RC compared to thapsigargin treatment alone. These
results demonstrated that P2X receptors are not likely to contribute
to Ca2þ wave propagation between neighboring cell layers from
one to four. Overall, our experiments with the blockade of P2-
receptors indicate that P2Y receptors are important in Ca2þ wave
propagation in distant cells, however, there are other strong
mechanisms of Ca2þ wave propagation in the proximity of the site
of mechanical stimulation as previously discussed. This result cor-
relates with our findings on a a-glycyrrhetinic acid effect, which
showed Ca2þ wave propagation to be highly dependent on gap
junctions in the cells close to the site of mechanical stimulation. In
addition, incomplete inhibition of the wave spread farther than the
fourth neighboring cell layer after suramin application may indi-
cate the rudimental propagation of thewave through gap junctions.
This would also explain the higher normalized fluorescence peak
values under Ca2þ-free conditions compared to control and slightly
higher percentage of responsive cells after suramin treatment in
Ca2þ-free conditions compared to suramin treatment in presence of
Ca2þ, as low extracellular Ca2þ is known to increase Cx43 hemi-
channels permeability (Barbe et al., 2006).

Based on our results we can conclude that ARPE-19 cells exhibit
a different mechanism of Ca2þ wave propagation in cells that are
located close to the site of mechanical stimulation compared to
distant cells. We can deduce that the Ca2þ wave propagates mainly
through gap junctions in the cells close to the site of mechanical
stimulation and requires Ca2þ from both intracellular Ca2þ stores
and extracellular media, while in the distant cells the propagation
is more dependent on purinergic receptors and does not require
extracellular Ca2þ. The cells close to a mechanically stimulated cell
may sense mechanical stretch, caused by a displacement of the
stimulated cell in the moment of stimulation. Thus, these cells may
sense membrane stretching and together with the Ca2þ-inducing
signals from stimulated and neighboring cells the response is dif-
ferent from that of the distant cells.

5. Conclusions

Our results demonstrated the existence of repeatable and robust
intercellular Ca2þ waves in human ARPE-19 cells induced by

mechanical stimulation. Ca2þ kinetics in ARPE-19 cells are highly
dependent on intracellular Ca2þ stores. We showed that the sig-
naling molecules that mediate Ca2þ waves diffuse both via
extracellular medium and intercellular gap junction channels. Gap
junctions have the most prominent effect on the Ca2þ wave
spreading in the cells close to the site of mechanical stimulation,
while P2Y receptors are responsible for the wave propagation in
distant cells.

Our experiments indicated good reproducibility of the Ca2þ

wave after mechanical stimulation and we were able to describe
intercellular communication and its changes induced by various
drugs quantitatively from the obtained Ca2þ wave properties. Thus,
the proposed method of assessing changes in the intercellular
communication of Ca2þ dynamics could become a potential ARPE-
19 cells-based drug-testing assay.
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Abstract

Objective

Computational models of calcium (Ca2+) signaling have been constructed for several cell

types. There are, however, no such models for retinal pigment epithelium (RPE). Our aim

was to construct a Ca2+ signaling model for RPE based on our experimental data of me-

chanically induced Ca2+ wave in the in vitromodel of RPE, the ARPE-19 monolayer.

Methods

We combined six essential Ca2+ signaling components into a model: stretch-sensitive Ca2+

channels (SSCCs), P2Y2 receptors, IP3 receptors, ryanodine receptors, Ca2+ pumps, and

gap junctions. The cells in our epithelial model are connected to each other to enable trans-

port of signaling molecules. Parameterization was done by tuning the above model compo-

nents so that the simulated Ca2+ waves reproduced our control experimental data and data

where gap junctions were blocked.

Results

Our model was able to explain Ca2+ signaling in ARPE-19 cells, and the basic mechanism

was found to be as follows: 1) Cells near the stimulus site are likely to conduct Ca2+ through

plasma membrane SSCCs and gap junctions conduct the Ca2+ and IP3 between cells fur-

ther away. 2) Most likely the stimulated cell secretes ligand to the extracellular space where

the ligand diffusion mediates the Ca2+ signal so that the ligand concentration decreases

with distance. 3) The phosphorylation of the IP3 receptor defines the cell’s sensitivity to the

extracellular ligand attenuating the Ca2+ signal in the distance.
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Conclusions

The developed model was able to simulate an array of experimental data including drug ef-

fects. Furthermore, our simulations predict that suramin may interfere ligand binding on

P2Y2 receptors or accelerate P2Y2 receptor phosphorylation, which may partially be the rea-

son for Ca2+ wave attenuation by suramin. Being the first RPE Ca2+ signaling model created

based on experimental data on ARPE-19 cell line, the model offers a platform for further

modeling of native RPE functions.

Introduction
Epithelial tissue covers and lines all internal and external body surfaces. These cell layers have
multiple functions depending on their location, and many of these functions are controlled by
Ca2+ activity[1]. Retinal pigment epithelium (RPE), a monolayer of pigmented polarized cells,
is crucial for the maintenance of visual functions. Located in the back of the eye between photo-
receptors and choriocapillaries, RPE forms a vital part of the blood-retinal barrier (BRB)[2].
The physiology of RPE is tightly coupled with the activity of the various ion channels, such as
Ca2+ channels that are associated with several important RPE functions including transepithe-
lial transport of ions and water, dark adaption of photoreceptor activity, phagocytosis, secre-
tion, and differentiation[3]. In RPE, as well as in other epithelia, local deformation of the cell
membrane initiates a significant Ca2+ wave [4–6]. Such deformation of the cell membrane can
occur in clinically important pathological conditions such as retinal tear resulting from compli-
cations after photodynamic therapy[7], intravitreal bevacizumab injection[8], or intravitreal
pegaptanib injection[9]. Intercellular Ca2+ signaling is also linked to the initial stages of wound
repair: excessive mechanical stimulation causes cell death and thus initiates Ca2+ waves that
create Ca2+ gradients which play an important role in cell migration[1]. In addition, Ca2+

waves also regulate the local transepithelial ion transport to maintain the spatial ion gradients
across the epithelium[1]. We recently demonstrated in RPE that an easily induced and repeat-
able Ca2+ wave could be produced by mechanical stimulation[5]. This provides an experimen-
tal way to study Ca2+ activity in the epithelial monolayer.

In silicomodels of various cellular processes are becoming an increasingly important part of
biological research, including drug discovery and toxicology studies. The importance of this
was recently emphasized in a review of cardiotoxicity testing [10]. Computational models of
Ca2+ signaling, specifically, have been developed for many cell types including pancreatic and
parotid acinar cells[11], astrocytes[12], and hepatocytes[13]. Epithelial Ca2+ signaling, howev-
er, differs from other cell types because the epithelium forms a highly polarized cell monolayer
that comprises organized apical and basal cell membranes. The epithelial cells are tightly con-
nected with tight junctions and gap junctions between the cells[14]. At present, there are only a
few epithelial Ca2+ signaling models available, for example for the urothelial monolayer[15]
and for the airway epithelium[16]. RPE has many unique functions compared to other epithelia
as it supports the complex processes of vision. Indeed, in the treatment of many eye diseases,
RPE is either the drug target or it hinders drug penetration and provides a barrier between
most of the eye and the blood stream. Hence, computational models of the functions of RPE,
including Ca2+ dynamics, are well warranted.

The aim of this study, therefore, is to provide a deeper understanding of the study of Ca2+

activity by introducing a detailed computational model of RPE Ca2+ dynamics. The computa-
tional model described in this paper is based on our experimental data on a mechanically

RPE CalciumModel
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induced Ca2+ wave in ARPE-19 cells, a commercial immortalized human RPE cell line that is
widely used to assess RPE cell functions in vitro [17–19], regardless of its limitations in cellular
morphology, organization and function [20].

The computational model is mostly based on the experimental data of Abu Khamidakh et al.
2013[5]. In addition, the model comprises our new unpublished α-glycyrrhetinic acid (GA)-sura-
min-treated data. We constructed the model by combining previously published cell Ca2+ dy-
namics model components of P2Y2 receptors [21], inositol 1,4,5-trisphosphate (IP3) receptors
[22], ryanodine receptors [23], Ca2+ pumps and gap junctions to a new model component of me-
chanical stretch. Furthermore, we connected the epithelial cells to each other in the model to en-
able the diffusion of the molecules and propagation of the stretch. We developed the model based
on two experimental data sets: the GA-treated data, where gap junctions (GJs) were blocked by
α-glycyrrhetinic acid and untreated control data, where GJs define the connections between the
cells. The varying conditions the cells are exposed to due to the mechanical stimulation were
modeled by defining three location-specific variables: stretch, extracellular ligand concentration,
and IP3 receptor phosphorylation rate. In addition, we validated the model by simulating the
combined blocking effect of GJs and P2 receptors by GA and suramin. This way, we obtained the
first RPE Ca2+ signaling model, and we could reveal a deeper understanding of Ca2+ activity.

Materials and Methods

Experimental data
In this study, the experimental data of Abu Khamidakh et al. 2013[5] was complemented with
new experimental data. Passage numbers for confluent cultures of human RPE immortalized
cells (ARPE-19 cell line [ATCCManassas, VA, U.S.A.]) were p. 23, 24, 30 for GA-treated data-
set, p. 23, 24, 28, 30 for control data set and p. 29, 30, 31 for GA-suramin-treated data set.
These ARPE-19 cultures were used for Ca2+ imaging, by loading them with the Ca2+-sensitive
dye fura-2-acetoxymethyl ester. Single cell mechanical stimulation, membrane perforation of
one cell, was induced with a glass micropipette. The intracellular Ca2+ concentration transient
travelled over the ARPE-19 monolayer starting from the mechanically stimulated (MS) cell,
and spreading to the neighboring (NB) cells (Fig 1). The NB cells immediately surrounding the
MS cell were defined as the first NB cell layer (NB layer 1 = NB1); cells immediately surround-
ing the first layer were defined as the second NB layer (NB layer 2 = NB2) and so on. The ratio
of the emitted fluorescence intensities resulting from excitation at 340 and 380 nm (F340/F380)
was determined for each cell after background correction. Normalized fluorescence (NF),
which reflects the changes in intracellular Ca2+ concentration, was then obtained by dividing
the fluorescence value by the mean fluorescence value before the mechanical stimulation.[5]
The experimental work produced data in NF units. The computational model, however, is pre-
sented in absolute calcium concentrations. Due to the lack of absolute reference we consider
the model predictions only relative.

Three data sets were simulated with the model. Firstly, in the GA-treated data set the gap junc-
tions (GJs) were blocked by α-glycyrrhetinic acid (GA) (Sigma-Aldrich, St. Louis, MO, USA).
Secondly, the model was verified with an untreated control data set that was based on the previ-
ous model—only the GJ model component was added. Thirdly, the model was applied to predict
a combined blocking effect of GA and P2 receptor blocker suramin (Sigma-Aldrich) with GA-sur-
amin-treated data set. Each data set was averaged from at least three separate experiments.

The experiments with GA-suramin-treated ARPE-19 cells were not included in the original
paper of Abu Khamidakh et al. 2013[5]. The experimental details concerning the ARPE-19
cells as well as the experimental solutions, infrastructure, and protocols are presented in[5]
with the following exception: the cells were incubated in a solution containing 30μMGA
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(incubation time 30 min) and 50μM suramin (incubation time 25 min) prior to mechanical
stimulation. To receive representative data for each NB layer, the raw data was averaged so that
the NF graphs were aligned by the starting time of mechanical stimulation, and the mean val-
ues were calculated for each NB with a one-second sampling rate. This was previously done for
the control data set[5], but the averaging was performed also here for the GA-treated and GA-
suramin-treated data sets.

Indirect immunofluorescence staining. ARPE-19 cells (p. 24, 27, 44, three cover slips
from each passage) were cultured on glass coverslips for two days. For immunofluorescence
staining, the samples were washed three times with PBS and fixed for 15 min with 4% parafor-
maldehyde (pH 7.4; Sigma-Aldrich) at room temperature (RT). After three subsequent washes
with PBS, the samples were permeabilizing by a 15 min incubation in 0.1% Triton X-100 in
PBS (Sigma-Aldrich) at RT. This was followed again by three PBS washes, after which the sam-
ples were incubated with 3% bovine serum albumin (BSA; Sigma-Aldrich) at RT for 1 h. Pri-
mary antibody Zonula Occludens (ZO-1) 1:100 (33–9100, Life Technologies) was diluted in
3% BSA PBS and incubated for 1 h at RT. Samples were then washed four times with PBS, and

Fig 1. Numbering of the cell layers. Schematic representation of the location of the mechanically
stimulated (MS) cell with respect to the neighboring (NB) cell layers: NB1 is the first layer which is in direct
contact with the MS cell; NB2 is the second layer which is in direct contact with NB1, and so forth. White line
segment marks an apothem (a) of a hexagon.

doi:10.1371/journal.pone.0128434.g001
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followed by 1h incubation at RT with secondary antibody donkey anti-mouse Alexa Fluor 568
(A10037, Life Technologies) diluted 1:400 in 3% BSA in PBS. The washes with PBS were re-
peated again and nuclei were stained with 40, 60 diamidino-2-phenylidole (DAPI) included in
the mounting medium (P36935, Life Technologies).

Confocal microscopy and image processing. Zeiss LSM780 LSCM on inverted Zeiss Cell
Observer microscope (Zeiss, Jena, Germany) with Plan-Apochromat 63x/1.4 oil immersion ob-
jective was used for confocal microscopy. Voxel size was set to x = y = 66nm and z = 200nm,
pixel stacks were set to 1024x1024, and approximately 50–80 slices were acquired with line av-
erage of 2. DAPI and Alexa-568 were excited with 405nm and 561nm lasers and detected with
emission windows of 410–495nm and 570–642nm, respectively. The images saved in czi format
were processed with ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Be-
thesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997–2014.) and assembled using Adobe
Photoshop CS6 (Adobe Systems, San Jose, USA).

Construction of the model
The Ca2+ model was constructed by combining six subcellular model components that includ-
ed the stretch component designed in this study and the P2Y2 receptor models of Lemon et al.
2003[21], the IP3 receptor type 3 (IP3R3) of LeBeau et al. 1999[22], and the ryanodine receptor
(RyR) of Keizer & Levine 1996[23]. The GJ model component connected the neighboring cells.
These model components with corresponding numbering and their rationale, hypothesized
Ca2+ wave propagation mechanisms as well as model equations (see chapter Detailed model
equations) that were used for the NB layers and data sets are summarized in Table 1. The basis
for the mathematical implementation is presented in Fig 2 as a schematic model.

Parameters and parameterization
The model parameters are represented in Table 2 and the parameters specific for each NB layer
in Table 3. Most of the parameters were adopted from the models of Lemon et al. 2003[21],
LeBeau et al. 1999[22], and Keizer & Levine 1996[23]. Typically, the volumes of ARPE-19 cells
[5,24,25] and RPE cells[26,27] are variable. The cell width was approximated to be 14μm from
the corner-to-corner of a hexagon and the height was 12μm[5].The cytoplasmic volume was
approximated to be about 70% of the total cell volume[28]. Thus, a cytoplasmic volume (v) of
1.07 10–15 m3 was used in the simulations. The initial values, the values at time of mechanical
stimulation, were taken mostly from the model of Lemon et al. 2003[21]. The initial value
0.12μM for intracellular Ca2+ concentration ([Ca2+]i) is an arbitrary value approximating the
baseline Ca2+ concentration determined from GA-treated data set for NB5-NB10 layers using
Matlab SimBiology Toolbox.

The rest of the parameters were fitted with Matlab SimBiology Parameter Fit Task: First, the
parameter values, excluding SSCC and GJ model components, were fitted with GA-treated
data set in NB5 layer. This layer has in general the largest Ca2+ response from those NB layers
that do not experience any stretch due to mechanical stimulation, according to our assumption.
Secondly, the SSCC model component parameters, excluding the location-specific stretch (θ)
parameter (see below), were fitted with the same GA-treated data set in NB1 layer that is as-
sumed to have the largest stretch. These values were then used in all simulations for all data
sets and NB layers. For the control data set with gap junctions, all other parameters were kept
unchanged but the GJ related diffusion parameters, DCa2þ , DIP3

, InCa2þ and InIP3
, were fitted

using NB1 layer. As a boundary condition we assumed that there is no outflow of IP3 and Ca
2+

outside the epithelium, thus OutIP3 and OutCa2þwere assigned to be zero.
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Location-dependent parameters
Three parameters were assumed to vary according to the location of the cell with respect to the
MS cell: stretch (θ) activating the stretch-sensitive Ca2+ channels (SSCCs), the extracellular li-
gand concentration ([L])[6,16,29,30], and the phosphorylation rate of IP3R3 (α4)[22]. Ca

2+

Table 1. Model design.

Mechanism Number Component Rationale Equations NB
layer

Data set

Mechanical stimulus applied to MS cell
may stretch ARPE-19 cells near the
site of stimulation [5] resulting in the
opening of SSCCs that conduct Ca2+

from the extracellular space to the
cytoplasm. It is shown that ARPE-19
cells can secrete ligand to the
extracellular space as a response to
stimuli [38].

I Stretch-sensitive Ca2+

channel (SSCC)
Cultured rat RPE expresses
SSCCs on plasma membrane
[4,53]. In ARPE-19 [Ca2+]i wave
was seen in NB1-NB4 layers even
when the ER was depleted[5],
indicating a Ca2+ influx
mechanism independent of the
ER, possibly the SSCCs.

7–9a 1–4 GA-treated,
Control, GA-
suramin-
treated

The ligand, likely ATP or UTP
[3,30,38,54], interacts with G-protein
coupled purinergic receptor type P2Y2

on the cell membrane leading to the
production of inositol
1,4,5-trisphosphate (IP3) to the
cytoplasm in a ligand concentration
dependent manner.

II Purinergic P2Y2 receptor
(P2Y2)

The presence of P2Y2 receptors
has been shown in cultured
human RPE[30], bovine and
human fetal RPE as well as in
Long-Evans rats[55]

10–16b 1–10 GA-treated,
Control, GA-
suramin-
treatede

IP3 diffuses across the cytoplasm to the
endoplasmic reticulum (ER), where it
interacts with IP3R3 resulting in a
release of Ca2+ from the ER[22].

III IP3 receptor type 3
(IP3R3)

Currently there is no direct
evidence about the subtype of
IP3R expressed in ARPE-19.
Hence, the data from other
epithelia [56], [57], and[58] and
an epithelial model [16] was
utilized to choose the subtype 3
(IP3R3).

17–21c 1–10 GA-treated,
Control, GA-
suramin-
treated

As the cytoplasmic Ca2+ concentration
increases, RyRs become activated
releasing more Ca2+ to the cytoplasm
from the ER[23].

IV Ryanodine receptor
(RyR)

RyRs, locating on the membrane
of ER participate in Ca2+

signaling in rat RPE[4], and
ARPE-19[51].

22–24d 1–10 GA-treated,
Control, GA-
suramin-
treated

The cytoplasmic Ca2+ concentration is
decreased by the pumping activities of
SERCA and PMCA. IP3 is degraded in
the cytoplasm. Ca2+ leak currents
maintain the cytoplasmic Ca2+ baseline
level.

V Sarco/endoplasmic
reticulum ATPase
(SERCA), plasma
membrane Ca2+ ATPase
(PMCA), Leak

The presence of SERCA has
been shown by blocking it to
deplete the ER from Ca2+ in
ARPE-19 cells[5] and rat RPE
[53]. PMCA has been identified
on the plasma membrane of
cultured human RPE[59].

25 1–10 GA-treated,
Control, GA-
suramin-
treated

GJs form intercellular connections
between neighboring cells allowing
diffusion of Ca2+ and IP3 between the
NB layers.

VI Gap junction (GJ) GJs form intercellular connections
in ARPE-19[5], and rat RPE[4,60]
enabling Ca2+ wave to spread
over the monolayer.

26–28 1–10 Control

aDesigned in this study
bLemon et al. 2003[21]
cLeBeau et al. 1999[22]
dKeizer & Levine 1996[23]
eParameter values of kp modified

Hypothesized mechanisms and model components for Ca2+ wave propagation after mechanical stimulation with corresponding equations, NB layers, and

data sets.

doi:10.1371/journal.pone.0128434.t001
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concentration was modeled separately in each NB layer. The distance (x) defines the distance
of the NB layer from the MS cell centre that was calculated using the idealized hexacon RPE
cell architecture (Fig 1) as

x ¼ a2n ¼ s

2tan 180
6

� � 2n; ð1Þ

where a is an apothem of the hexagon, 6 is the number of corners in the hexagon, s = 7μm is
the length of the hexagon side and n = 1, 2, 3. . .10 according to the NB layer numbering.

The stretch component was present in cell layers NB1-NB4. Stretch (θ) was parameterized
in the GA-treated data set separately for each NB layer. The obtained parameters resulted in an
exponentially decaying function corresponding to the decay of an amplitude envelope of a
damped wave in a membrane [31]. This function was then used for modeling the stretch

y ¼ 0:3426e�0:105x; ð2Þ

where x is the distance from the MS cell (R2 = 0.9878).

Fig 2. Schematic diagram of the Ca2+ signaling model. Solid arrows represent Ca2+ fluxes and dashed
arrows IP3 dynamics. Roman numerals denote the model components I-VI. Abbreviations: [Ca2+]i =
cytoplasmic Ca2+ concentration, [L] = extracellular ligand concentration, [IP3] = cytoplasmic IP3

concentration, SSCC = stretch-sensitive Ca2+ channel, P2Y2 = purinergic receptor type P2Y2, IP3R3 = IP3

receptor type 3, RyR = ryanodine receptor, SERCA = sarco/endoplasmic reticulum Ca2+ ATPase,
PMCA = plasmamembrane Ca2+ ATPase, Leak = combinatory Ca2+ leak from the extracellular space and
the endoplasmic reticulum (ER), GJ = gap junction, ϕ = degradation.

doi:10.1371/journal.pone.0128434.g002
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Table 2. Constant parameters and initial conditions.

Parameter Description Value Reference

I Stretch-sensitive Ca2+ channels (SSCCs)

kSSCC Maximal SSCC flux rate 1.025 μM s-1 fitted

kf SSCC forward rate constant 0.1382 s-1 fitted

kb SSCC backward rate constant 0.04027 s-1 fitted

kθ Stretch-relaxation parameter 0.08105 s-1 fitted

II Metabotropic receptor P2Y2

L0 Bolus extracellular ligand concentration at x = 0μm 1310 μM fitted

DATP Diffusion coefficient of A 236 μm2 s-1 [61]

[RT] Total number of P2Y2 receptors 2 � 104 [62]

K1 Unphosphorylated receptor dissociation constant 5 μM [21]

K2 Phosphorylated receptor dissociation constant 100 μM [21]

kr Receptor recycling rate 1.75 � 10–4 s-1 [21]

kp Receptor phosphorylation rate 0.03 s-1 [21]

ke Receptor endocytosis rate 6 � 10–3 s-1 [21]

ξ Fraction of mobile receptors 0.85 [21]

[GT] Total number of G-protein molecules 1 � 105 [63]

kdeg IP3 degradation rate 1.25 s-1 [64]

ka G-protein activation rate 0.017 s-1 [21]

kd G-protein deactivation rate 0.15 s-1 [21]

[(PIP2)T] Total number of PIP2 molecules 5.0 � 104 [21]

rr PIP2 replenishment rate 0.015 s-1 [21]

δ G-protein intrinsic activity parameter 1.238 � 10–3 [21]

K3 Dissociation constant for Ca2+ binding to PLC 0.4 μM [21]

α Effective signal gain parameter 2.781 � 10–5 s-1 [21]

Na Avogadro's constant 6.02252 � 1023
v Volume of the cytoplasmic space 1.07 � 10–15 m3 see text

III IP3 receptor type 3 (IP3R3)

α1 Maximum rate of k1 40 μM s-1 [22]

β1 [Ca2+]i for half-maximal k1 0.8 μM [22]

k-1 Rate of O to S transition 0.88 s-1 [22]

k2 Rate of O to I1 transition 0.5 s-1 [22]

k3 Rate of I1 to S transition 0.5 s-1 [22]

β4 [IP3] for half-maximal k4 0.01 μM [22]

k5 Rate of I2 to S transition 0.02 s-1 [22]

kIP3R3
Maximum IP3R3 flux rate 155.8 μM s-1 fitted

IV Ryanodine receptor (RyR)

Ka Keizer & Levine dissociation constant 0.37224 μM [23]

Kb Keizer & Levine dissociation constant 0.63601 μM [23]

Kc Keizer & Levine dissociation constant 0.05714 μM [23]

kRyR Maximum RyR flux rate 16.04 μM s-1 fitted

V Ca2+ pumps and leak current

VPump Maximal pump rate 5.341 μM s-1 fitted

KPump [Ca2+]i for half-maximal VPump 0.5030 μM fitted

JLeak Ca2+ leak current 0.1450 μM s-1 fitted

VI Gap junctions (GJ)

DCa2þ Diffusion coefficient of Ca2+ through GJs 512.7 μm2 s-1 fitted

DIP3
Diffusion coefficient of IP3 through GJs 913.9 μm2 s-1 fitted

(Continued)
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Ligand diffusion in the extracellular space is modelled according to thin film solution to
Fick’s diffusion law [32] as follows describing the ligand concentration (L) as a function of
time (t)

Lðx; tÞ ¼ L0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pDATPt

p e�x2=ð4DtÞ; ð3Þ

where L0 is the initial bolus ligand concentration above the MS cell (at x = 0), DATP is the diffu-
sion coefficient for ATP, and x describes the NB layer distance from the central MS cell.

IP3R3 phosphorylation rate (α4) used in Eq 21 was fitted separately for each NB layer in
GA-treated and control data sets, which resulted in shallowly rising exponential functions
with respect to the distance of the cell from the MS cell (x). The equation for GA-treated data

Table 2. (Continued)

Parameter Description Value Reference

InCa2þ Ca2+ input to NB1 -0.003320 μM s-1 fitted

InIP3
IP3 input to NB1 0.5771 μM s-1 fitted

OutCa2þ Ca2+ output from NB10 0 μM s-1 see text

OutIP3
IP3 output from NB10 0 μM s-1 see text

Initial conditions (time 0s)

[RS] Total number of unphosphorylated surface receptors 17000 [21]

[RS
p] Total number of phosphorylated surface receptors 0 [21]

[G] Basal number of G-protein molecules 14 [21]

[IP3] Basal IP3 concentration 0.01 μM [21]

[PIP2] Basal number of PIP2 molecules 49997 [21]

[Ca2+]i Basal cytoplasmic Ca2+ concentration 0.12 μM see text

Most of the parameters were taken from the models of Lemon et al. 2003[21] for P2Y2 receptor, LeBeau et al. 1999[22] for IP3R3, and Keizer & Levine

1996[23] for RyR. Reference ‘fitted’ means that the parameter was optimized in this study.

doi:10.1371/journal.pone.0128434.t002

Table 3. Location-dependent parameters with respect to the MS cell.

Parameter Description Equation Range

x Distance from the MS cell centre 1 From 12.12 μm (NB1) to 121.24 μm (NB10)

θ Stretch 2 (exponential
decay)

From 0.096 (NB1) to 1.014 10–6 (NB10)

L Extracellular ligand concentration 3 (exponential
decay)

From 26.14 μM (NB1) to 2.61 μM (NB10)

α4 IP3R3 phosphorylation rate 4 (exponential rise) From 0.0413 s-1 (NB1) to 0.1548 s-1 (NB10)

5 (exponential rise) From 0.0333 (NB1) to 0.1503 (NB10)

JGJ;Ca2þ
Ca2+ flux through GJs 26 From 0.049 μM s-1 (NB1!NB2) to 1.8 10–6 μM s-1

(NB9!NB10)

JGJ;IP3
IP3 flux through GJs 27 From 0.407 μM s-1 (NB1!NB2) to 0.022 μM s-1 (NB9!NB10)

A Area of the cell membranes connecting NB
layers

28 From 1512 μm2 (NB1) to 10584 μm2 (NB10)

doi:10.1371/journal.pone.0128434.t003
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set (R2 = 0.9740) is

a4 ¼ 0:0357e0:0121x ð4Þ
and for control data set (R2 = 0.9798)

a4 ¼ 0:0282e0:0138x: ð5Þ

Similarly to θ and L, these functions were then used in simulations instead of values from
separate fits.

Model simulations
The parameters were fitted with Matlab SimBiology (R2012a, The MathWorks, Natick, MA) to
the experimental data using Parameter Fit task, where the maximum iterations was 100. The
solver type was ode45 (Dormand-Prince) and the error model was constant error model. The
time step in the simulations was set to Δt = 0.1 seconds.

Sensitivity analysis
Sensitivity analysis was performed to evaluate the uncertainty of selected parameters that were
fitted in this study (parameters kIP3R3 , kRyR, VPump, KPump, JLeak, InIP3

, InCa2þ , DIP3
and DIP3

from

Table 2) or behaved as location-specific parameters (parameters θ, L and α4 from Table 3). Val-
ues of these parameters were changed -25%, -10%, 0%, +10% and +25% in the model including
all the model components I-VI for the control data set. The influence of these parameter were
studied for NB layers NB1, NB5 and NB10 concentrating on the following features of the Ca2+

wave: peak amplitude, time to peak, Ca2+ wave width at half maximum, and Ca2+ concentra-
tion at the end of the Ca2+ wave (at 90 seconds’ time point).

Model prediction of drug effect: suramin
With the model, we investigated the mechanism by which suramin influences the Ca2+ waves
in ARPE-19 cells. First, we compared the peak amplitude, time to peak, Ca2+ wave width at half
maximum, and Ca2+ concentration in the end of the Ca2+ wave at 90 seconds’ time point be-
tween two experimental data sets: GA-treated and GA-suramin-treated data sets. Second, we
made sensitivity analysis about the behaviour of P2Y2 receptor regulation parameters (K1, K2,
kr, kp, ke, ξ), since suramin is a known unspecific antagonist of P2 receptors. Suramin has also
been suggested to disrupt the coupling between the receptor in the cell membrane and the G-
protein by blocking the association of the G-protein α and βγ subunits[33]. Hence, the G-pro-
tein cascade parameters ka, kd and δ were also evaluated. The sensitivity analysis was done in
the model for GA-treated data set (including model components I-V) in NB1, NB5 and NB10
layers. The parameter values were changed in the model by -25% and +25% in order to com-
pare the effects of parameter modifications to the observed differences in the experimental data
between GA-treated and GA-suramin-treated data sets. All other parameters were kept un-
changed. Third, based on the results of this approach, the model was fitted to the GA-suramin-
treated data set by refitting those P2Y2 receptor and G-protein cascade parameters that were
observed to change the Ca2+ curve similarly to the differences seen in the experimental data be-
tween GA-treated and GA-suramin-treated data sets. This was done with Matlab SimBiology
Parameter Fit task for each NB layer.
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Detailed model equations
Time dependent changes in intracellular Ca2+ concentration [Ca2+]i are presented in the model
as a combination of Ca2+ fluxes

d½Ca2þ�i
dt

¼ JSSCC þ JIP3R3 þ JRyR � JPump þ JLeak þ JGJ;Ca2þ ; ð6Þ

where the subscripts indicate the source of the flux: stretch-sensitive Ca2+ channels (JSSCC), ino-
sitol 1,4,5-trisphosphate (IP3) receptor type 3 (JIP3R3), and ryanodine receptor (JRyR). JPump

combines the Ca2+ pumping functions of sarco/endoplasmic reticulum ATPase (SERCA) and
the plasma membrane Ca2+ ATPase (PMCA). Leak Ca2+ current (JLeak) describes the total leak-
age from the extracellular space and the endoplasmic reticulum (ER) to the cytoplasm. JGJ;Ca2þ is

the Ca2+ flux through gap junctions.
I Stretch-sensitive Ca2+ channels (SSCCs). Stretch-sensitive Ca2+ channels (SSCCs) on

the cell membrane are activated, when exposed to mechanical stimulation. Their closure is
caused either by relaxation in the mechanical force or by their adaption to that mechanical
force[34]. The SSCC model is described with Eqs 7–9. In this study, a model for SSCCs was de-
veloped according to the kinetic diagram shown in Fig 3, where CSSCC describes the proportion
of the channels in the closed state. OSSCC is the proportion of SSCCs in the open state defined
as

dOSSCC

dt
¼ ykf � ðykf þ kbÞOSSCC; ð7Þ

where kf is the forward rate constant and kb is the backward rate constant. Ca
2+

flux via SSCCs
(JSSCC) is expressed as

JSSCC ¼ kSSCCOSSCC; ð8Þ

where kSSCC is the maximum Ca2+ flux rate via SSCCs. Parameter θ is dimensionless, and de-
scribes the quantity of stretch induced at the time of mechanical stimulation, which then de-
creases with time

dy
dt

¼ �k
y
y; ð9Þ

according to a stretch-relaxation parameter kθ.
II Purinergic receptor P2Y2. The agonist-induced activation of the second messenger sys-

tem, here P2Y2, is represented by Eqs 10–16[21].The kinetic diagram for the P2Y2 receptor is
presented in Fig 3. Some of the ligand-bound P2Y2 receptors on the cell surface are phosphory-
lated irreversibly at rate kp, which causes desensitization of the receptors. Phosphorylated re-
ceptors are internalized at a rate ke, and these internalized receptors are then dephosphorylated
and recycled back to the surface at rate kr. G-proteins can only be activated by the unpho-
sphorylated P2Y2 receptors [R

S] defined by

d½RS�
dt

¼ kr½RT � � kr þ
kp½L�

K1 þ ½L�
� �

½RS� � kr½RS
p�; ð10Þ

where [RT] denotes the total number of surface receptors, K1 is the dissociation constant for
unphosphorylated receptors, and [L] is the extracellular ligand concentration. The total
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number of phosphorylated surface receptors ½RS
p� is

d½RS
p�

dt
¼ ½L� kp½RS�

K1 þ ½L� �
ke½RS

p�
K2 þ ½L�

� �
; ð11Þ

where K2 is the dissociation constant for phosphorylated receptors. The binding of the ligand
to the G-protein coupled receptor P2Y2 results in a cascade of events leading to the activation
of enzyme phospholipase C (PLC). This enzyme then hydrolyses the phosphatidylinositol
4,5-bisphosphate (PIP2) to IP3. The activation rate (ka) of the G-protein is proportional to two
ratios: the ratio of the activities of the ligand unbound and bound receptor species (δ), and the
ratio of the number of ligand bound receptors and the total number of receptors (pr). Denoting
the deactivation of G-protein to occur at a deactivation rate of kd, the equations for the amount

Fig 3. Kinetic diagram. Kinetics of the model component I (SSCC) were combined with the kinetics of model components II-IV from the original models of
the P2Y2 receptor[21], IP3R3[22], and RyR[23].

doi:10.1371/journal.pone.0128434.g003
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of Gα � GTP labeled as [G] as well as for the ratio pr can be expressed as

d½G�
dt

¼ kaðdþ prÞð½GT � � ½G�Þ � kd½G�; ð12Þ

and

pr ¼
½L�½RS�

x½RT �ðK1 þ ½L�Þ: ð13Þ

Equation for the concentration of IP3 is

d½IP3�
dt

¼ rhNa
�1v�1½PIP2� � kdeg½IP3� þ JGJ;IP3 ; ð14Þ

where kdeg is the degradation rate of IP3 and JGJ;IP3 is the IP3 flux through gap junctions. The

rate coefficient for PIP2 hydrolysis (rh) includes the effective signal gain parameter (α) and the
dissociation constant for Ca2+ binding to PLC (K3) that can be expressed as

rh ¼ a
½Ca2þ�i

K3 þ ½Ca2þ�i

� �
½G�: ð15Þ

Replenishment of PIP2 is required for IP3 production to be maintained over sustained peri-
ods of agonist stimulation. The equation for the number of PIP2 molecules [PIP2] is

d½PIP2�
dt

¼ �ðrh þ rrÞ½PIP2� � rrNav½IP3� þ rr½ðPIP2ÞT �; ð16Þ

where rr represents the PIP2 replenishment rate and [(PIP2)T] the total number of PIP2 mole-
cules.[21]

III IP3 receptor type 3 (IP3R3). The IP3 receptor type 3 (IP3R3) function is represented by
the Eqs 17–21[22]. The kinetic diagram for IP3R3 is shown in Fig 3. The IP3-induced release of
Ca2+ from the ER through IP3R3 (JIP3R3) is

JIP3R3 ¼ kIP3R3O
4; ð17Þ

where kIP3R3 is the maximum rate of Ca2+ release, and IP3R3 comprises four subunits that all

must be in the open state (O) for the receptor to conduct. The steady-state proportion of open
receptors (O) is

O ¼ �½IP3�
k�1þk2

k1
�þ ½IP3�

; ð18Þ

Where ϕ function controls the sensitivity of IP3R3 to [IP3], and it can be expressed as

� ¼ 1

1þ k
2

k3þk4
1þ k4

k5

� � ; ð19Þ

with rate coefficients k-1, k2, k3, and k5 being constants. Coefficient k1 describes a rate for IP3R3

transition from shut state (S) to open state (O)

k1 ¼
a1½Ca2þ�i3

b1
3 þ ½Ca2þ�i3

; ð20Þ

where constant α1 is the maximum rate of S to O transition, and β1 is the [Ca
2+]i at which the

rate is half of its maximum. Coefficient k4 expresses the rate for IP3R3 from the first inactivated
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state (I1) to the second inactivated state (I2). It can be expressed as

k4 ¼
a4½IP3�

b4 þ ½IP3�
; ð21Þ

where the I1 to I2 transition is agonist specific and involves a phosphorylation of IP3R3 by ki-
nase activity. This is defined by parameter α4 that denotes the maximum rate of I1 to I2 transi-
tion, while β4 denotes the value of [IP3] at which the rate is half maximal.[22]

IV Ryanodine receptor (RyR). The ryanodine receptor (RyR) dynamics were modeled by
Keizer & Levine 1996[23] with Eqs 22–24. In Fig 3 the kinetic diagram for RyR is illustrated.
The Ca2+ release from the ER through RyR (JRyR) is defined by the maximum RyR flux rate
(kRyR) multiplied by the open probability (PRyR) as

JRyR ¼ kRyRPRyR ð22Þ

where

PRyR¼
w1 1þ ½Ca2þ�i

Kb

� �3
� �

1þ Ka
½Ca2þ�i

� �4

þ ½Ca2þ�i
Kb

� �3

0
BB@

1
CCA; ð23Þ

and where w1 is the RyR sensitivity function

w1 ¼
1þ Ka

½Ca2þ�i

� �4

þ ½Ca2þ�i
Kb

� �3

1þ 1
Kc
þ Ka

½Ca2þ�i

� �4

þ ½Ca2þ�i
Kb

� �3

0
B@

1
CA; ð24Þ

and Ka, Kb, and Kc are dissociation constants. [23]
V Sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) and plasma membrane Ca2+

ATPase (PMCA). JPump combines the pumping functions of sarco/endoplasmic reticulum
Ca2+ ATPase (SERCA) and plasma membrane Ca2+ ATPase (PMCA)

JPump ¼
VPump½Ca2þ�i2

KPump
2 þ ½Ca2þ�i2

; ð25Þ

where VPump indicates the maximum flux rate of the pumps and KPump states the [Ca
2+]i for

half-maximal pumping rate.
VI Gap junctions (GJs). Gap junctions (GJs) and the Ca2+ flux via GJs (JGJ;Ca2þ) are mod-

eled as

JGJ;Ca2þ ¼ DCa2þ

An�1;n

ð½Ca2þ�
in�1 � ½Ca2þ�

in
Þ � DCa2þ

An;nþ1

ð½Ca2þ�
in
� ½Ca2þ�

inþ1Þ; ð26Þ

where n is the number of the NB layer. The NB layer n receives Ca2+ from the previous NB
layer n − 1 and delivers Ca2+ to the next NB layer n + 1 according to the concentration gradi-
ent. Similarly, IP3 flux through GJs (JGJ;IP3) is modelled as

JGJ;IP3 ¼
DIP3

An�1;n

ð½IP3�n�1 � ½IP3�nÞ �
DIP3

An;nþ1

ð½IP3�n � ½IP3�nþ1Þ; ð27Þ

where n is the number of the NB layer. DCa2þ is the diffusion coefficient for Ca2+ and DIP3
is the

diffusion coefficient for IP3. These diffusion coefficients do not take into account the open
probability, regulation, or density of the GJs as they describe the actual movement of Ca2+ and
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IP3 from one NB layer to the next NB layer. As an exception to other NB layers, the fluxes from
MS cell to NB1 layer are modelled by parameters InCa2þ and InIP3

for Ca2+ and IP3, respectively.

Similarly, the fluxes from NB10 layer to distant cell layers are modelled with parameters OutCa2þ
and OutIP3 .

Parameter A describes the area of the cell membranes connecting the neighbouring NB lay-
ers in the monolayer. The value for A is received by multiplying the area of one hexagon side,
that is the length of the hexagon side (l = 7μm) times the height of the cell (h = 12μm), by the
number of hexagon edges between the two NB layers as

An!nþ1 ¼ ðð3þ 2ðn� 1ÞÞ6Þlh; ð28Þ

where n is the number of the NB layer (n = 1, 2, 3. . ..10). Each NB layer has six cells with three
connecting sides and (n-1) 6 cells with two connecting sides (see Fig 1). In other words, the
area (A) increases with distance from the central MS cell.

Results

Polarization of the ARPE-19 monolayer
Polarization of the ARPE-19 monolayer was demonstrated by immunolabeling the tight junc-
tions in the monolayer. Confocal microscopy image (Fig 4) shows that within 2 days the
ARPE-19 cells have formed a monolayer where ZO-1 is localised continuously in the junctions
of the cells, forming a homogeneous network. This can be taken as an indication of the polari-
zation of the epithelial cell culture [35].

Ca2+ signal propagation mechanisms
The fittings of the model to the experimental data in the NB1-NB10 layers are illustrated in Fig
5A for the GA-treated data set and in Fig 5B for the control data set. The model simulations
managed to catch very well the features of the experimental data in both data sets. In GA-treat-
ed data set (Fig 5A), the simulations closely followed the data in peak amplitude, time to peak,
Ca2+ wave width at half maximum and end Ca2+ concentration in NB1-NB9 layers. In NB10
layer, however, time to peak was longer in the simulation results than in the data. In the control
data set (Fig 5B), the Ca2+ wave features differed slightly between the model and the data, but
overall the curve shape of the model followed the data reasonably well. R2 values describing the
goodness of fit are presented in Table 4. In GA-treated data set and control data set R2 values
were higher than 0.8 in NB1-NB9 and lower than 0.8 in NB10. Hence, 90% of the fits in GA-
treated data set and control data set resulted in R2 > 0.8.

The model includes the model components of SSCCs, P2Y2 receptors, IP3R3s, RyRs, Ca
2+

pumps and GJs, and the parameters were either obtained from previous studies or defined in
this study for ARPE-19. The basic fit was done in GA-treated data set for NB5, but the SSCC
model component was fitted in NB1 (Table 2). Three location-specific parameters were defined
in this study: stretch (θ), extracellular ligand concentration (L) and phosphorylation rate of
IP3R3 (α4) (Table 3). The stretch (θ) and extracellular ligand concentration (L) decayed expo-
nentially from NB1 towards the distant NB cell layers. The IP3R3 phosphorylation rate regulat-
ed by the kinase activity (α4) increased following a shallow exponential, almost linear function,
from NB1 to NB10. The corresponding values of α4 with the distance were lower in the control
data set (Eq 5) than in the GA-treated data set (Eq 4) indicating a possible role of IP3 receptor
phosphorylation rate as a regulator of Ca2+ signaling. The GJ model component was parame-
terized in control data set for NB1. GJs mediated the Ca2+ signal by allowing the diffusion of
Ca2+ and IP3 between adjacent cell layers so that the fluxes of these species decreased with

RPE CalciumModel

PLOS ONE | DOI:10.1371/journal.pone.0128434 June 12, 2015 15 / 26



distance from the MS cell due to the increasing area of the cell membranes connecting the NB
layers (Table 3).

The resulting model of mechanical stimulus induced Ca2+ dynamics is: 1) Cells near the
stimulus site conduct Ca2+ through plasma membrane SSCCs, and gap junctions conduct the
Ca2+ and IP3 between cells further away from stimulated cell. 2) The MS cell secretes one or
several types of ligand to the extracellular space where the ligand diffusion mediates the Ca2+

signal so that the ligand concentration decreases with distance. 3) The phosphorylation of the
IP3 receptor defines the cell’s sensitivity to the extracellular ligand attenuating the Ca

2+ signal
in the distance.

Results of the sensitivity analysis
The sensitivity of the four Ca2+ wave features described in Materials and Methods was studied
for a set of parameters that were fitted in this study for NB1, NB5 and NB10 layers (Fig 6).

Fig 4. Polarization of the ARPE-19monolayer. Z-projections (XZ and YZ) from apical side to basal side and maximum intensity projection of the XY plane
in the ARPE-19 monolayer represent the localization of Zonula Occludens (ZO-1, red) in the confocal micrograph after immunofluorescence labeling with the
nuclear label 4’,6-diamidino-2-phenylindole (DAPI, blue). Scale bar is 10μm.

doi:10.1371/journal.pone.0128434.g004
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From the location-dependent parameters, θ, L and α4, Ca
2+ wave features were most sensitive

to modifications in α4 and the least sensitive to modifications in θ. Overall, decreasing the
stretch parameter (θ) resulted in faster Ca2+ waves in NB1 (Fig 6B). Increasing the extracellular

Fig 5. Fittings of the model to the experimental data. (A) GA-treated, and (B) control data sets with
dashed lines representing the data in dimensionless NF units and solid lines representing the model
simulations with arbitrary units representing [Ca2+]i in μM concentrations. The uppermost curve pair (blue)
represents NB1, the second uppermost NB2 (green), followed by NB3 (red), NB4 (light blue), NB5 (purple),
NB6 (yellow), NB7 (black), NB8 (light red), NB9 (grey), and NB10 (orange).

doi:10.1371/journal.pone.0128434.g005
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Table 4. R2 values indicating the goodness of fit between the model and the data.

Data set NB1 NB2 NB3 NB4 NB5 NB6 NB7 NB8 NB9 NB10

GA-treated 0.9839 0.9815 0.9811 0.9651 0.9716 0.9627 0.9677 0.9326 0.8837 0.4561

Control 0.9665 0.9613 0.9454 0.9653 0.9686 0.9558 0.9508 0.9419 0.9108 0.6259

GA-suramin-treated 0.8633 0.8543 0.9344 0.9323 0.9414 0.9156 0.9253 0.7812 0.6110 0.2297

R2 values are listed separately for each data set and NB layer.

doi:10.1371/journal.pone.0128434.t004

Fig 6. Sensitivity analysis of the model parameters. Percentage changes in Ca2+ wave (A) peak amplitude, (B) time to peak, (C) Ca2+ wave width at half
maximum, and (D) end Ca2+ concentration at 90 seconds’ time point due to changes in model parameters kIP3R3

, kRyR, VPump, KPump, JLeak, θ, L, α4, InIP3
,

InCa2þ , DIP3
, and DCa2þas marked in the x-axis. The analysis was carried out in NB layers NB1, NB5 and NB10 as denoted in (A) for parameter kIP3R3

. The
amount of modification (-25%, -10%, +10% or +25%) is shown in the grayscale of the histogram. The histogram bar is marked with asterisk (*) if the change
was greater than 50%, and with double asterisk (**) if parameter modification did not result typical Ca2+ waveform. Regarding each Ca2+ wave feature, the
parameter is illustrated only if the change was more than 5%.

doi:10.1371/journal.pone.0128434.g006
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ligand concentration (L) in turn decreased the time to peak (Fig 6B) and increased the Ca2+

wave width at half maximum (Fig 6C). The effects of the changes in IP3 receptor phosphoryla-
tion rate (α4) on Ca2+ wave features were complex: with decreasing α4 Ca

2+ wave peak ampli-
tude increased (Fig 6A), time to peak decreased (Fig 6B), the Ca2+ wave width at half
maximum increased or decreased depending on the NB layer (Fig 6C), and the end concentra-
tion increased (Fig 6D). The Ca2+ wave features were insensitive to gap junction related param-
eters InCa2þ , DIP3

and DCa2þ so that the tested modifications in their values resulted in less than

5% change in the features from the original conditions. Thus, they are not illustrated in Fig 6.
However, increasing IP3 input to NB1 via GJs (InIP3

) increased the Ca2+ wave width at half

maximum (Fig 6C) and end concentration (Fig 6D), and the sensitivity was significantly higher
in NB1 layer than in the more distant NB layers. In general, the sensitivity of the model to the
changes in tested parameters depended on the NB layer and thus on the distance to the MS
cell. Few parameters, however, were independent of the location (parameters kIP3R3 , kRyR,

VPump, KPump, JLeak), but changes in their values affected significantly the investigated Ca2+

wave features.

Possible suramin effect on attenuation of Ca2+ waves
Similarly to the general sensitivity analysis, the four Ca2+ wave features were compared be-
tween the experimental GA-treated and GA-suramin-treated data sets as well in NB1, NB5 and
NB10 layers (Fig 7A). In the GA-suramin-treated data set, differences in peak amplitude were
less than 10% compared to the GA-treated data set. However, time to peak decreased for NB1
and increased for NB5 and NB10 layers in the GA-suramin-treated data set. Furthermore, in
this data set the Ca2+ wave width at half maximum and the end Ca2+ concentration were lower
than in the GA-treated data set.

Since suramin is a known P2 receptor blocker, we studied the sensitivity of the model to
P2Y2 receptor parameters for the GA-treated data set (including model components I-V) by
changing their values by ±25%. Similarly, G-protein cascade parameters were studied as well to
consider the possible effect of suramin to disrupt the coupling between the receptor in the cell
membrane and the G-protein. Our aim was to investigate the degree to which the observed dif-
ferences in the Ca2+ wave features between GA-treated and GA-suramin-treated data sets
could be accounted for by the changes in these parameters. The sensitivity analysis revealed
that the modifications in P2Y2 unphosphorylated receptor dissociation constant (K1) and P2Y2

receptor phosphorylation rate (kp) indeed induced changes that were similar to the experimen-
tal observations (see Fig 7A): increase in K1 modified the time to peak (Fig 7B) and increase in
kp narrowed the Ca

2+ wave width at half maximum (Fig 7C). This would indicate disrupted li-
gand binding to the receptor or a higher phosphorylation rate of P2Y2 receptors as well as a
faster desensitization of the receptors after ligand binding. P2Y2 receptor parameters K2, kr, ke,
ξ, on the contrary, had a negligible influence on Ca2+ wave behaviour: the modifications of
these parameters by ±25% resulted only in less than 3% change on Ca2+ wave features, as was
the case also for G-protein cascade parameter δ. G-protein cascade parameters G-protein acti-
vation rate (ka) (Fig 7D) and G-protein deactivation rate (kd) (Fig 7E) had diverse effects on
the Ca2+ wave features: for example decreasing ka and increasing kd narrowed the Ca

2+ wave
width at half maximum in NB1 and NB5, but widened it in NB10. Thus, their behaviour did
not follow the observations from the experimental data and therefore these factors were not
considered to be responsible for the effects of suramin on the Ca2+ wave.

Fig 7F illustrates the fit of the model to the GA-suramin-treated data set after refitting the
model parameters K1 and kp. The values of these parameters ranged as follows: K1 values de-
creased from 8.83μM in NB1 to 5.15μM in NB10 and kp values decreased from 0.19s-1 in NB1
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Fig 7. Suramin effects on Ca2+ wave. (A) Comparison of the peak amplitude, time to peak, Ca2+ wave width at half maximum, and end Ca2+ concentration
at 90 seconds’ time point in cell layers NB1, NB5 and NB10 between the experimental GA-treated and GA-suramin-treated data sets. The deviations of each
Ca2+ wave feature in GA-suramin-treated data set from GA-treated data set are expressed as percentages. (B) Unphosphorylated P2Y2 receptor dissociation
constant (K1), (C) P2Y2 receptor phosphorylation rate (kp), (D) G-protein activation rate (ka), and (E) G-protein deactivation rate (kd) were changed in the
model for GA-treated data set either -25% or +25%, as denoted in the grayscale of the histogram, and the percentage change in each Ca2+ wave feature is
illustrated. (F) Fitting of the model to the GA-suramin-treated data set. Dashed lines represent the data in dimensionless NF units, whereas solid lines
represent the model simulations with arbitrary units representing [Ca2+]i in μM concentrations. The uppermost curve pair (blue) represents NB1, the second
uppermost NB2 (green), followed by NB3 (red), NB4 (light blue), NB5 (purple), NB6 (yellow), NB7 (black), NB8 (light red), NB9 (grey), and NB10 (orange).

doi:10.1371/journal.pone.0128434.g007
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to 0.05s-1 in NB10. Overall, the values of K1 and kp were higher in the GA-suramin-treated
data set than in the GA-treated data set. The simulated curves seem to fit well to the experi-
mental data, except in NB1 layer at the end of the Ca2+ wave. In GA-suramin-treated data set,
R2 values were higher than 0.8 in NB1-NB7 and lower than 0.8 in NB8-NB10 (Table 4). 70% of
the fits in GA-suramin-treated data set resulted in R2 > 0.8 indicating that the model explains
only partially the combined effect of GA and suramin on Ca2+ waves especially in the distant
NB layers.

Discussion
The ARPE-19 cell line is an important biological model of human RPE despite its certain limi-
tations [20]. This paper presents the first computational RPE model of Ca2+ signaling using the
experimental data measured from the ARPE-19 monolayer after mechanical stimulation. We
aimed to create a model that combines the most important Ca2+ signaling mechanisms in
ARPE-19 cells so that the model can be used later in the development of more complicated
RPE and epithelial models. Furthermore, the model was used to simulate and explain the Ca2+

signaling of epithelia, especially RPE, taking into account the following factors: 1) cells are on
the monolayer; 2) they are connected to each other by GJs permeating Ca2+ and IP3, and 3) the
cells are most probably experiencing different stretching and chemical conditions depending
on their distance from the mechanical stimulation site. To the best of our knowledge, this is the
first time as Ca2+ signaling model has been implemented for the ARPE-19 monolayer. The
model uses a set of location specific parameters including stretch, extracellular ligand concen-
tration, and IP3R3 phosphorylation rate as well as the Ca2+ and IP3 fluxes through GJs.

The identity of the extracellular ligand
The airway epithelium secretes the signal carriers ATP or UTP to the extracellular space in re-
sponse to mechanical stimulation[16,36]. The connection of these ligands to Ca2+ signaling as
extracellular signal mediators has been mathematically modeled[16]. It is likely that a similar
function can be linked to ARPE-19 or RPE, where the ligand interacts with the cell membrane
P2Y2 receptors. In our model, the ligand carried the signal in the extracellular space from the
MS cell towards the distant NB cell layers after mechanical stimulation. According to our
model, the extracellular ligand concentration decreased exponentially from NB1 towards
NB10. We suggest, based on our modeling results, that the MS cell secretes ligand to the extra-
cellular space. Epithelial cells such as ARPE-19 have been shown to secrete ATP under different
stimuli[37,38]. On the other hand, the ligand degradation by ectonucleotidase activity[39] de-
crease the ligand concentration. The model predicts that the magnitude of the extracellular li-
gand concentration partly defines the nature of the cell response: higher and faster Ca2+ waves
were observed with higher ligand concentrations. The ligand concentration was derived from
diffusion equation, and the obtained exponential decay function fitted well to the experimental
data. Experimental studies show that the Ca2+ wave peak amplitude value increases with in-
creased ligand concentration in cultured human RPE[30] and in human airway epithelium[6].
Also, in the mathematical model of Warren et al. 2010[16], it was observed that the time to
peak for human airway epithelium decreased as the ligand concentration increased. These ob-
servations are in good agreement with our model.

The role of IP3 receptor phosphorylation rate
The phosphorylation of the IP3 receptor represents an important regulatory mechanism for
Ca2+ release[40–42]. It has been shown that the production of cyclic AMP (cAMP) through the
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activation of the adenylyl cyclase pathway leads to the activation of protein kinase A that phos-
phorylates IP3 receptors[43].

Our simulation results show that the maximal phosphorylation rate of IP3R3 (α4) followed a
shallow exponential, almost linear, increase from NB1 to NB10 in all three data sets. The pa-
rameter α4 has previously been modeled as agonist specific only [22]. It is of note, however,
that in addition to ATP or UTP and their interaction with P2Y2 receptors, also other types of li-
gand-receptor interactions may occur. One plausible explanation could be that MS cell secretes
different types of ligands, because its cell membrane was broken in mechanical stimulation.
This would further lead to complex biological interactions at the cellular level, which is seen as
a chance of this parameter with cell location.

The need to model α4 separately for the GA-treated data set and the control data set may be
related to the functioning of the GJs, especially to their ability to alter ligand secretion in differ-
ent cell types. Previous studies show that GJs participate in the regulation of the release of sig-
naling molecules to the extracellular medium [44]. In astrocytes, as an example, GJs have been
proposed to regulate the release of glutamate[45], an excitatory neurotransmitter and an im-
portant regulator of astrocyte Ca2+ oscillations[46].

Overall, α4 parameter may reflect a number of ligands and cell mechanisms not modelled in
this nor other epithelial Ca2+ models. The low α4 values near the MS cell enable higher and
faster Ca2+ waves at corresponding ligand concentrations compared to the distal cell layers,
where higher levels of kinase activity attenuate and slow down the signal. This aligns well with
the literature. In RPE, the addition of 8-Br-cAMP counteracted the elevation of [Ca2+]i induced
by connective tissue growth factor (CTGF)[47], and the cell migration inhibitor adrenomedul-
lin increased intracellular cAMP and decreased [Ca2+]i[48]. The effect of the adenylyl cyclase
pathway on IP3R kinetics has been ignored in most of the previously published Ca2+ models
e.g.[16,21,29], possibly because the kinase activity may not have been activated in those cell
types or experimental conditions.

Gap junctions in Ca2+ wave propagation
GJs connect the adjacent cells together and allow the diffusion of signaling molecules between
them. The diffusion through GJs has previously been modeled, for example, in airway epitheli-
um[16]. In our model, GJs carried the Ca2+ signaling molecules between the NB layers based
on the Ca2+ and IP3 concentration gradients, and permeated Ca2+ and IP3 selectively. As ex-
pected, NB layers near the MS cell were more sensitive to IP3 input than the distant NB layers,
and this was seen especially in the end Ca2+ concentration at 90 seconds’ time point.

Possible Ca2+ wave attenuation mechanisms of suramin
In the GA-suramin-treated data set, the experimental data was reproduced in our model by in-
creasing the unposphorylated receptor dissociation constant, which likely reflects disrupted li-
gand binding, and by increasing the phosphorylation rate of the P2Y2 receptors to enhance
their desensitization. This may indicate that suramin targets on P2Y2 receptors as an unspecific
P2 receptor antagonist attenuating the Ca

2+ wave. This intriguing model hypothesis driven
from the model results needs to be confirmed experimentally. It is worth noting, however, that
suramin has also been considered to disrupt the coupling between the receptor in the cell mem-
brane and the G-protein by blocking the association of the G-protein α and βγ subunits[33]. In
our model, modifications in G-protein cascade parameters influenced the peak amplitude, time
to peak and Ca2+ wave width at half maximum. Despite the observed diversity in their effects
between the NB layers, it is possible that suramin targets the G-protein cascade as well, by act-
ing as an attenuator of the Ca2+ wave.
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Limitations of the model
Our work presents a computational model of epithelial Ca2+ signaling based on experimental
work on the ARPE-19 cell line. This cell line is used extensively as a model of RPE, although it
differs from it to some extent. The limitations of ARPE-19 compared to native human RPE
arise, for example, from cell organization and metabolism[20]. Importantly for our study,
ARPE-19 cell line in our experimental setup lacked pigmentation which resulted in a lack of
the large Ca2+ stores, melanosomes, and needs to be taken into account when expanding our
model to describe native RPE. In addition, we confirmed the polarity of the ARPE-19 monolay-
er with confocal microscopy. Trans-epithelial resistance (TER) that is a general measure of
epithelial integrity was not measured due to technical challenges to perform the measurements
on glass cover slips with our present equipment [49]. Nevertheless, the computational
model created in this study describes the most important components of epithelial and ARPE-
19 Ca2+ activity. Thus it provides a good basis to address the native RPE in the future, even
though it, being based on an in vitromodel of RPE, needs to be considered only as a model. To
improve the model further, experimental data and model implementations on certain addition-
al Ca2+ related mechanisms, such as P2X receptors[50], voltage-sensitive Ca2+ channels[51]
and Na+/Ca2+ exchangers[52] would be well warranted. Finally, it is worth noting that the ex-
perimental work of Abu Khamidakh et al. 2013[5] did not produce absolute Ca2+ concentra-
tions, and therefore our model also features only relative Ca2+ activity.

Conclusions
A full mathematical understanding of RPE and epithelial Ca2+ signaling would allow one to
simulate cellular Ca2+ responses under several physiological, pathological, and experimental
conditions. Our present model represents significant progress towards this goal since it is able
to reproduce the experimental data from an RPE type epithelium, ARPE-19 cell line, in differ-
ent conditions, simulate several epithelial Ca2+ signaling mechanisms, and predict drug re-
sponses in the epithelia. Our future work will include further development of the model
especially focusing on the role of the voltage sensitive Ca2+ channels in the RPE.
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Wound healing of human embryonic 
stem cell-derived retinal pigment epithelial cells 
is affected by maturation stage
Amna E. Abu Khamidakh1, Alejandra Rodriguez-Martinez2, Kai Kaarniranta3,4, Anne Kallioniemi2, 

Heli Skottman2, Jari Hyttinen1 and Kati Juuti-Uusitalo2* 

Abstract 

Background: Wound healing of retinal pigment epithelium (RPE) is a complex process 

that may take place in common age-related macular degeneration eye disease. The 

purpose of this study was to evaluate whether wounding and wound healing has an 

effect on  Ca2+ dynamics in human embryonic stem cell (hESC)-RPEs cultured different 

periods of time.

Methods: The 9-day-cultured or 28-day-cultured hESC-RPEs from two different cell 

lines were wounded and the dynamics of spontaneous and mechanically induced 

intracellular  Ca2+ activity was measured with live-cell  Ca2+ imaging either immediately 

or 7 days after wounding. The healing time and speed were analyzed with time-lapse 

bright field microscopy. The  Ca2+ activity and healing speed were analysed with image 

analysis. In addition the extracellular matrix deposition was assessed with confocal 

microscopy.

Results:   The  Ca2+ dynamics in hESC-RPE monolayers differed depending on the 

culture time: 9-day-cultured cells had higher number of cells with spontaneous  Ca2+ 

activity close to freshly wounded edge compared to control areas, whereas in 28-day-

cultured cells there was no difference in wounded and control areas. The 28-day-cul-

tured, wounded and 7-day-healed hESC-RPEs produced wide-spreading intercellular 

 Ca2+ waves upon mechanical stimulation, while in controls propagation was restricted. 

Most importantly, both wave spreading and spontaneous  Ca2+ activity of cells within 

the healed area, as well as the cell morphology of 28-day-cultured, wounded and 

thereafter 7-day-healed areas resembled the 9-day-cultured hESC-RPEs.

Conclusions: This acquired knowledge about  Ca2+ dynamics of wounded hESC-RPE 

monolayers is important for understanding the dynamics of RPE wound healing, and 

could offer a reliable functionality test for RPE cells. The data presented in here sug-

gests that assessment of  Ca2+ dynamics analysed with image analysis could be used as 

a reliable non-invasive functionality test for RPE cells.

Keywords: Image analysis, hESC-RPE, RPE, Cell maturation, Wound healing, 

Spontaneous  [Ca2+]i increases, Mechanical stimulation, Ca2+ waves, Mechanically 

induced intercellular  Ca2+ waves
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Background

The retinal pigment epithelial (RPE) cells form a monolayer of tightly packed cells which 

lay between neurosensory retina and the choroid [1]. The RPEs absorb stray light, trans-

port the nutrients from the choroidal side to neural retina, regulate visual cycle and 

secrete various trophic factors maintaining retinal homeostasis [2].

In pathological conditions RPE dysfunction may lead to the cell layer disruption 

and choroidal neovascularization as observed in wet age-related macular degenera-

tion (AMD) [3]. AMD is the leading cause of irreversible blindness among the elderly 

in Western countries. AMD can be divided into dry and wet forms with ~ 80 and ~ 20% 

prevalence, respectively. No efficient treatment exists today for dry AMD. Wet AMD 

development is strongly associated with the vascular endothelial growth factor (VEGF)-

derived aberrant blood vessels sprout from the choroidal capillaries that penetrate 

through the Bruch’s membrane and RPE into subretinal space. If left untreated, cho-

roidal neovascularization evokes hemorrhage, retinal edema, and increased damage to 

retinal cells, fibrosis and permanent visual loss due to the undergoing wound healing 

process. VEGF is the principal therapy target for inhibiting the detrimental neovascu-

larization process, i.e. by intravitreal administration of ranibizumab or bevacizumab or 

VEGF Trap [4]. Also the intravitreal injection itself may be traumatic and lead to RPE 

tear and wound healing.

The functionality of RPE after wounding has been assessed in various animal models, 

for example, rabbit [5, 6], chick [7], porcine [8], bovine RPE [9] and in donor human RPE 

cells, [10, 11] and human ESC-RPE cells [12]. These studies demonstrated that RPE cells 

on the wound edge undergo dedifferentiation, changing their phenotype towards the 

phenotype of migrating cells: the cells evolve cytoskeletal reorganization and partially or 

completely lose their pigmentation [5, 6, 8, 13].

Ca2+ is an important second messenger which mediates vital cellular functions from 

cell proliferation to cell death. The calcium transients triggered after ATP stimulation 

are used as a functionality assessment for stem cell derived RPE cells [14, 15]. In addi-

tion,  Ca2+ is known to play an important role in the wound healing process [16].

Immediately following tissue wounding, intracellular  Ca2+ concentration  ([Ca2+]i) 

increases in the cells located at the edge of the wound. This  [Ca2+]i increase then spreads 

to neighboring cells, forming so-called intercellular  Ca2+ wave, which activates undam-

aged cells, triggers reorganization of cell junctions and coordinates cell motility [17, 18].

In RPE cells,  Ca2+ controls important physiological processes, such as dark/light 

adaptation of photoreceptors, phagocytosis, trans-epithelial transport of fluid and ions, 

secretion of growth factors, as well as and differentiation [19].

RPE cells exhibit spontaneous  [Ca2+]i increases that are important for communica-

tion with retina [20, 21]. We have recently shown that human RPE cells have distinct 

spontaneous  Ca2+ activity at different maturation stages. The immature RPEs, where 

the majority of the cells have fusiform morphology and low level of pigmentation, have 

lower amount of cells with spontaneous  [Ca2+]i increases compared with more mature, 

cobblestone-shaped, highly-pigmented cells [22].

It has been demonstrated that upon mechanical stimulation of a single cell within 

a monolayer, RPE cells trigger a  Ca2+ wave that originates from the stimulated cell 

and propagates to neighboring cells [23–25]. Previously, we found that, similarly to 
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spontaneous  [Ca2+]i increases, the properties of these  Ca2+ waves strongly depend on 

RPE maturation stage. In immature cells, the mechanically induced  Ca2+ waves spread 

far away from the site of stimulation, while in more mature RPE these waves propagate 

to minute number of cells surrounding the site of stimulation [22].

In wounded monolayers, the cells located in the vicinity of the denuded area are 

important for triggering a wound healing process [17, 18]. Furthermore, in the healed 

wounds, the RPE cells transiently change their morphology towards a less mature phe-

notype [5, 12, 13]. Thus, we hypothesize that these changes are reflected in  Ca2+ dynam-

ics of cells located around the wounded area and inside of healed wounds.

In this paper, we utilized image analysis tool to assess whether wounding and wound 

healing has effects on  Ca2+ dynamics in hESC-RPEs cultured different periods of time. 

In addition, the effect of culture time on wound speed and time of hESC-RPE cells was 

evaluated. The knowledge of  Ca2+ dynamics in freshly wounded and healed RPE mon-

olayers can shed light on the mechanism of wound healing, and this possibly can be 

applied to understand the healing process of RPEsin the pathology of wet AMD or its 

treatment modalities.

Methods

Differentiation of hESC-RPE cells

Two hESC lines, Regea08/023 and Regea08/017, that were derived and characterized in 

our laboratory as described previously [26], were used in this study. The undifferentiated 

hESC lines were cultured on top of mitotically inactivated, mitomycin (10 μg/ml, Sigma-

Aldrich, St. Louis, USA) treated, human foreskin fibroblasts feeder cells (CRL-2429TM, 

ATCC, Manassas, VA, USA) [27].

The hESCs were differentiated towards RPE in a RPEbasic medium as cell aggregates 

for 56–93  days. The selection of pigmented areas from floating aggregates was done 

manually, isolated areas were dissociated with 1× Trypsin–EDTA (Lonza, Walkers-

ville, USA), plated with methods described previously, [28] and cultured in average for 

85 days (ranging from 28 to 130) to expand amount of cells.

Cell culturing for experiments

When the amount of cells was sufficient, the hESC-RPE cells were dissociated with 1× 

Trypsin–EDTA again and plated on top of Ormocomp-treated (Micro Resist Technol-

ogy GmbH, Germany) [29], ColIV (Sigma-Aldrich)-coated coverslips (7 mm in diame-

ter; Thermo Fisher Scientific, Inc., Leicestershire, UK) at a density of  105 cells/cm2. Cells 

were cultured for a period of 9 ± 1, 16 ± 1, 28 ± 1, or 35 ± 1 days in RPEbasic medium, 

during which the medium was replenished thrice a week.

RT-PCR analysis

The expression of RPE specific genes, the microphthalmia-associated transcription fac-

tor (MITF), bestrophin (BEST) and tyrosinase were assessed with reverse transcription–

polymerase chain reaction (RT-PCR). A housekeeping gene, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as an internal control. The total RNA was extracted 

from hESC-RPE cells after 9, 16, 28, and 35 days of culture with a NucleoSpin XS-kit 

(Macherey–Nagel, GmbH & Co, Duren, Germany) according to the manufacturer’s 
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instructions. The RT-PCR protocol was carried out as previously reported [28]. The 

primer sequences, annealing temperatures and product sizes are presented in Table 1.

Quantitative RT-PCR analysis

The expression of RPE specific genes was further analysed with quantitative RT-PCR by 

utilising  TaqMan® Gene Expression Assays (Applied Biosystems Inc.) with FAM-labeled 

primers for retinal pigment epithelium specific protein 65 kDa (RPE65, hs01071462_m1) 

and receptor tyrosine kinase MerTK (MERTK, hs00179024_m1). The glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) (Hs99999905_m1) was used as an endogenous 

control. Samples and negative controls (no template) were run as triplicate reactions 

using the 7300 Real-time PCR system (Applied Biosystems Inc.) similarly as in Sorkio 

and others [30]. Thereafter the relative quantification of each gene was calculated with 

the  2−ΔΔCt method [31] using GAPDH expression level of 9-day cultured Regea08/017 as 

the calibrator for both the 9- and 28-day-cultured Regea08/017, and the GAPDH expres-

sion level of 9-day Regea08/023 as the calibrator for both the 9- and 28-day-cultured 

Regea08/023. For both calibrators the fold change equals 1.

Immunofluorescence staining and quantification of cell area

Localization of tight junction-forming Zona Occludens Protein 1 (ZO-1), marker of pro-

liferative cells (Ki67), extracellular matrix forming collagen I (ColI) and laminin (Lam) 

were assessed with indirect immunofluorescence labeling as described previously [25]. 

Briefly, the hESC-RPE cells on  Ormocomp® coated coverslips were rinsed in PBS thrice 

and fixed in 4% paraformaldehyde (Sigma-Aldrich) in 1× PBS (Lonza Group Ltd) for 

10 min. Then, the cells were again rinsed with PBS 3 times and permeabilized for 10 min 

with 0.01% Triton X (Sigma-Aldrich) in PBS at RT. Cells were washed thrice in PBS, and 

unspecific antibody binding sites were blocked with 3% bovine serum albumin (BSA; 

Sigma-Aldrich) in PBS at RT for 1 h. Next, the cells were incubated with primary anti-

bodies (see Table 2) dissolved in 0.5% BSA-PBS for 1 h at RT, and thereafter were washed 

thrice with 1× PBS. Cells were then incubated with secondary antibodies (see Table 2) 

diluted in 0.5% BSA-PBS for 1.5 h at RT. Finally, the cells were washed thrice with PBS 

and mounted with Vectashield mount with 4′,6′diamidino-2-phenylidole (DAPI [Vector 

Laboratories Inc., Burlingame, CA, USA]). Samples were visualized under Zeiss LSM 

700 confocal microscope (Zeiss, Jena, Germany) with a 63× oil immersion objective or 

under Olympus IX51 fluorescence microscope with a 20× air objective. Confocal images 

were edited with ZEN 2012 black (Zeiss).

Table 1 Reverse-transcriptase-PCR primer sequences, product lengths (bp) and  used 

annealing temperatures

Primer sequences (5′ > 3′)

Gene Forward Reverse bp Tm

GAPDH GTT CGA CAG TCA GCC GCA TC GGA ATT TGC CAT GGG TGG A 229 55

MITF AAG TCC TGA GCT TGC CAT GT GGC AGA CCT TGG TTT CCA TA 352 52

BEST GAA TTT GCA GGT GTC CCT GT ATC AGG AGG ACG AGG AGG AT 214 60

Tyrosinase TGC CAA CGA TCC TAT CTT CC GAC ACA GCA AGC TCA CAA GC 52 316
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The differences in cell shapes were estimated from cell areas from immunofluores-

cence images with ZO-1 labeling. In Fiji, the cell borders of 100 randomly selected cells 

were defined manually for 9-, 16-, 28-, and 35-day-cultured non-wounded cells and 

inside 7-day-healed wounds of the cells wounded on day 28 of culture. Individual cell 

areas were calculated with a standard Fiji measurement option. The presented data are 

combined from Regea08/017 and Regea08/023 hESC-RPEs.

Wounding of hESC-RPEs

The wounding of day 9- or 28-day cultured hESC-RPE monolayers were done mechani-

cally by performing a linear scratch with a plastic 10 μl pipette tip. Although the per-

son who did the injury was always the same and tried to perform it similarly, with same 

speed and pressure, there might be variation due to the manual handling. When  Ca2+ 

dynamics immediately after wounding was about to be assessed, the cells were allowed 

to rest for 15 min after wounding, before the actual experiments were started, thus the 

samples are abbreviated as 9 days + 15 min or 28 days + 15 min samples. When wound 

healing was evaluated, the cellular monolayers were allowed to grow for 7–8 days prior 

to the experiments (abbreviated as 9 days + 7 days or 28 days + 7 days samples). Wound 

healing process was tracked with time-lapse microscopy in Nikon BioStation CT (Nikon, 

Nikon Instruments Europe BV, Netherlands). There, the cells were cultured at 37 °C and 

5%  CO2, and phase contrast images of wounded areas were automatically recorded every 

1–3  h during the healing period with a 10× objective. The medium was replenished 

thrice a week.

Wound healing speed and time were assessed only from the samples without visible 

ColIV coating damage. The speed of healing was calculated by analyzing the wound size 

at the beginning of the assay (in pixels) divided by full healing time in hours. Wound 

healing time was estimated as time in hours needed for the hESC-RPEs to completely 

cover the cell-free lane with the cells. The percentage of healed samples was assessed 

from samples with both damaged and intact ColIV coating. The presented data are com-

bined from Regea08/017 and Regea08/023 hESC-RPEs.

Ca2+ imaging

The  Ca2+ dynamics in cells around fresh wounds (9 days + 15 min and 28 days + 15 min 

samples) and in healed cultures (9 days + 7 days and 28 days + 7 days samples) was eval-

uated with live-cell  Ca2+ imaging. Two types of measurements were performed on con-

trol and wounded hESC-RPEs: first the spontaneous  Ca2+ activity was recorded from 

Table 2 Primary and secondary antibodies for immunofluorescence staining

I Ab primary antibody, II Ab secondary antibody

Antibodies Dilution Manufacturer

I Ab: Mouse-anti-human ZO-1 1:250 Life Technologies, Carlsbad, USA

I Ab: Ki67 1:500 Millipore, Darmstadt, Germany

I Ab: Laminin 1:100 Abcam, Cambridge, UK

I Ab: ColI 1:250 Abcam, Cambridge, UK

II Ab: Alexa Fluor 488 donkey-anti-rabbit 1:800 Molecular Probes, Leicestershire, UK

II Ab: Alexa Fluor 568 donkey-anti-mouse 1:800 Molecular Probes, Leicestershire, UK
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unstimulated cells at least for 5  min time; second, intercellular  Ca2+ waves spreading 

was recorded after mechanical stimulation again at least for 5 min time.

All  Ca2+ imaging recordings were performed in HBSS medium, containing 5 mM glu-

cose, 20 mM HEPES, 0.44 mM  KH2PO4, 137 mM NaCl, 5 mM KCl, 4.2 mM  NaHCO3, 

1.2  mM  MgCl2, and 2  mM  CaCl2. pH was adjusted to 7.37 with 3  M NaOH; osmo-

larity was adjusted to 335 ± 5  mOsm/kg with sucrose. All components were from 

Sigma-Aldrich.

For the live-cell  Ca2+ imaging recordings hESC-RPEs were loaded with Fluo-4-ace-

toxymethyl ester (Fluo-4 AM; 4 μM, in 1 h incubation at room temperature (RT), Life 

Technologies, Carlsbad, USA). Next, the cells were washed with HBSS thrice. The cover-

slips with Fluo-4 AM loaded cells were then mounted on a perfusion chamber (Warner 

Instruments, Hamden, USA) and filled with HBSS. The recording of the fluorescence 

signal was done under an Olympus IX51 fluorescence microscope (Olympus, Tokyo, 

Japan) with ANDOR iXion 885 camera (Oxford Instruments, Oxfordshire, UK). Fluo-4 

AM was excited at 490 nm (bandwidth 15 nm) with Polychrome V at 30% light intensity 

(TILL Photonics, Pittsburgh, USA) with an exposure time of 20 ms; the emission was 

collected at 510–560 nm. The recording was done at a rate of 2 frames per second with 

the binning of 2 × 2 with Live Acquisition software v. 2.4.0.13 (FEI Munich GmbH), at 

least for 5 min (600 frames) time. From each individual fluorescence time-series a cor-

responding brightfield images were taken to assess cell morphology.

The mechanical stimulation was induced by touching single hESC-RPE cell with a 

glass micropipette during the recording of  Ca2+ activity, similarly as described above. 

The micropipette was made from a glass capillary (Biomedical Instruments, Zollnitz, 

Germany; 0.86 9 1.50 9 80 mm) with a Narishige pipette puller. The micropipette was 

mounted on a Luigs & Neumann SM 5–9 vertical microinjection system (Luigs & Neu-

mann, Ratingen, Germany) and intermittently lowered to touch a target cell membrane 

[25]. In samples with fresh wounds (9 days + 15 min and 28 days + 15 min), the site for 

mechanical stimulation was chosen to be in the vicinity to the wound edge. In samples 

with healed or partially healed wounds (9 days + 7 days and 28 days + 7 days), the stimu-

lated cell belonged to the healed area.

All experiments were performed at RT at least 4 times. For each wounded area, the 

non-wounded area from the same coverslip was used as a control. The presented data 

are combined from Regea08/017 and Regea08/023 hESC-RPEs.

Ca2+ imaging data analysis

The recorded time-series were analyzed with our in-house Matlab (R2013 A, Math-

works) algorithms and Fiji [32].

The cells on fluorescence time-series images were identified as described in [22]. At 

first cell centers were detected from averaged fluorescence images in Matlab with in-

house algorithm developed for this purpose. Thereafter, cells were approximated as 

fixed-sized circles in Fiji [32]. The cells with immature, fusiform morphology, this fitting 

was done manually in Fiji. Next, average fluorescence kinetics from each detected cell 

at every recorded time point was extracted in Fiji and exported to Matlab for further 

analysis.
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In Matlab, the fluorescence kinetics from single cells was corrected for back-

ground fluorescence and smoothed with a moving average algorithm with the 5 

points span. Then, baselines in the beginning and in the end of a recording were 

automatically detected for each cell, and the fluorescence curves were corrected for 

bleaching and normalized to initial baseline levels. Finally, the peaks in the fluores-

cence curves were automatically detected. The amplitude of peak threshold was set 

to 1.1 (10% higher than the baseline). The cell identification and fluorescence curves 

analysis algorithms together with Matlab codes were similar to the ones used in Abu 

Khamidakh et al. [22]. The fluorescence kinetics from single cells was corrected for 

background fluorescence and smoothed with a moving average algorithm with the 

5 points span. The fluorescence values were corrected for bleaching with the nor-

malizing value achieved by comparing baselines in the beginning and in the end of 

a recording from each cell. Finally, the peaks in the fluorescence curves were auto-

matically detected. The amplitude of peak threshold was set to 1.1 (10% higher than 

the baseline).

The spontaneous activity of hESC-RPEs was assessed as the percentage of cells 

with spontaneous  [Ca2+]i increases (%RC—percentage of responsive cells). In 

wounded samples, the cellular monolayer in the field of view was divided into sev-

eral areas: 1—“Wound” area included the cells in the healed part of a monolayer 

(analyzed from samples that were fully or partially healed during the 7-day healing 

time), 2—“Area 1” included cells directly adjacent to the wound (within a distance 

of 40–60 μm), 3—“Area 2” consisted of cells directly adjacent to “Area 1” (40–60 μm 

distance), 4—“Area 3” included cells that immediately followed “Area 2” (40–60 μm 

distance). The cells belonging to each area were automatically detected with an in-

house algorithm developed for this purpose.

The spreading of mechanically induced  Ca2+ waves was estimated by identifying 

cells that were participated in the wave. Any two cells were considered to propagate 

a wave, if they had fluorescence peaks with a peak time difference of less than 4 s, 

and the distance between these cells was less than 2–3 characteristic cell sizes [22]. 

Only the cells that had a fluorescence peak and which were connected to the cell/site 

of mechanical stimulation via other cells having fluorescence peak were considered 

to be involved in a wave. Cell clusters with small  Ca2+ waves that were disconnected 

from the site of mechanical stimulation were considered as spontaneous  Ca2+ waves. 

The extent of  Ca2+ wave spreading was assessed by calculating a total number of 

cells propagating a  Ca2+ wave and by estimating the area in the field of view that 

was covered by the wave. The presented data are combined from Regea08/017 and 

Regea08/023 hESC-RPEs.

Ethical issues

University of Tampere has the approval of the National Authority for Medicolegal 

Affairs Finland (TEO) to study human embryos (Dnro 1426/32/300/05) and a sup-

portive statement of the Ethical Committee of the Pirkanmaa Hospital District to 

derive, culture, and differentiate hESC lines from surplus human embryos (R05116). 

No new lines were derived for this study.
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Statistics

The statistical significance between healed cell areas, and differences in wound healing 

time and speed was done with two-sample unpaired Student’s t test. The number of cells 

involved in a mechanically induced  Ca2+ wave, or area of  Ca2+ wave spreading in differ-

ent groups was done with Mann–Whitney test. The p < 0.05 was considered statistically 

significant. The results were expressed as mean ± standard error of mean (SEM). Num-

ber of samples is referred to as  ns in the figure legends.

Results

Morphology and differentiation status of wounded and intact hESC-RPE cells

Differentiation status of 9-, 16-, 28-, and 35-day-cultured hESC-RPE cells was evaluated 

with RT-PCR. The samples from both Regea08/017 and Regea08/023 cell lines expressed 

RPE-specific markers MITF, bestrophin and Tyrosinase (Fig.  1A, B). The maturation 

status was further assessed with quantitative RT-PCR with two RPE specific genes. 

The expression of both RPE65 and MERTK was very low (i.e. the target gene Ct:s were 

approximately 30), still there was a detectable increase in RPE65 and MERTK mRNA 

expression when the 9 day and 28 day cultured samples were compared together. The 

morphology and pigmentation of representative 9-, 16-, 28-, and 35-day-cultured cells 

from both cell lines is represented on bright field images in Fig. 1E–H (Regea08/017) and 

Fig. 1I–L (Regea08/023).

The cultures were labelled with the tight junction protein ZO-1 antibody to visual-

ize the cell confluence and polarization (Fig. 2). Indirect immunofluorescence staining 

showed that Regea08/017 hESC-RPE cells expressed ZO-1 on cell junctions in control 

non-wounded samples (Fig. 2A–C), as well as in wounded and healed samples (Fig. 2D–

F), although the cells surrounding the wound still had elongated i.e. fusiform shaped 

morphology. The Regea08/023 hESC-RPE samples (Fig.  2G–L) were similar to the 

Regea08/023 hESC-RPEs.

The presence of proliferating cells was evaluated by labeling cultures with Ki67 anti-

body. There were no Ki67 positive cells in Regea08/017 hESC-RPE the control cultures 

(Fig. 2A–C). In wounded Regea08/017 cultures that were partially healed on day 7 after 

wounding, there were only few Ki67 positive cells (Fig. 2D–F) which located close to the 

edge, but not on the  1st rim of cells lining the wound. In the Regea08/023 monolayer, 

there were no dividing, i.e. Ki67 positive cells either in control or wounded and 7 days 

healed samples were found (Fig. 2J–l).

Because migration and wound healing depends on the cell substrata, [33] we next 

assessed the localization of laminin and ColI. We saw that Regea08/017 hESC-RPEs 

produced laminin in control cultures (Fig. 3A–C). After wounding cells produced a thin 

layer of ColI (Fig. 3D–F). In the wounded and healed culture of Regea08/023 hESC-RPE 

cells produced a clearly marked layer of ColI (Fig. 3J–L). The deposition of COLI label-

ling close to the substrata (arrows on the orthopanels), and low background labelling in 

other areas of the cells are presented in Additional file 1: Fig S1.

Because the culture time influences the morphology of the cells, we analyzed cell sizes 

by measuring the cell areas in 9-, 16-, 28-, and 35-day-cultured hESC-RPEs and in cells 

inside healed wounds in 28  days + 7  days samples. An example of manual cell border 
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segmentation is presented in Fig. 4a. Figure 4b indicates that cells wounded on the day 

28 of culture have the same size inside the healed wounds after 7 days as 9-day-cultured 

cells. In the Table 3 are all p-values of presented datasets.

Wound healing speed of hESC-RPEs

To assess wound healing capabilities of hESC-RPE cells, the 9- and 28-day-cultured 

cells were followed for 7–8  days post-wounding. Both wounded 9- and 28-day-cul-

tured hESC-RPEs were able to heal by filling denuded areas with cells (Fig.  5A–C). 

Fig. 1 Gene expression analysis and morphology of hESC-RPE cells. Gene expression of a house-keeping 

gene GAPDH, and RPE-specific marker genes MITF, bestrophin and tyrosinase were assessed with reverse 

transcription–polymerase chain reaction (RT-PCR) from Regea08/017 (A) and Regea08/023 (B) hESC-RPE cells 

cultured for 9, 16, 28, and 35 days. Water was used as negative control. Relative gene expression of mature 

RPE markers, the retinal pigment epithelium specific protein 65 kDa (RPE65) (C) and receptor tyrosine kinase 

MerTK (MERTK) (D) of 9-day and 28-day cultured non-wounded (i.e. control) samples. The Ct values of target 

genes were approximately 30. A bright filed image of Regea08/017 hESC-RPEs cultured for 9 days (E), 16 days 

(F), 28 days (G), and 35 days (H). Bright filed image of Regea08/023 hESC-RPEs cultured for 9 days (I), 16 days 

(J), 28 days (K), and 35 days (L). Scale bar 50 μm
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Samples, where ColIV coating was damaged during wounding, had significantly 

poorer ability to heal (Fig.  5D). When no visible ColIV damage occurred dur-

ing the wounding process, 100% of samples wounded on day 9 of culture and 61% 

of samples wounded on day 28 were able to heal. The monolayers wounded on day 

9 healed almost 3 times faster compared to those wounded on day 28 (p = 2 × 10−6) 

(Fig. 5E). The full healing time of wounded 9-day-cultured hESC-RPEs was 20 ± 3 h, 

while 28-day-cultured cells healed 2.5-fold slower with a healing time of 49 ± 9  h 

(p = 0.002). (Fig. 5F).

Fig. 2 Morphology and polarity of hESC-RPE cultures. Localization of tight junction protein ZO-1 (red) and 

Ki67-positive proliferative cells (green) in control and wounded Regea08/017 and Regea08/023 hESC-RPEs. 

Nuclei were counterstained with DAPI (blue). Non-wounded area of Regea08/017 hESC-RPEs cultured 

for 35 days (A–C). Regea08/017 hESC-RPEs wounded on day 28 of culture and allowed to heal for 7 days, 

35 days of culture in total (D–F). Non-wounded area of Regea08/023 hESC-RPEs cultured for 35 days (G–I). 

Regea08/023 hESC-RPEs wounded on day 28 of culture and allowed to heal for 7 days, 35 days of culture in 

total (J–L). On the left row are the Z-stack from the apical side, in the middle from the nuclear level, and on 

the right row from the basal side of the culture. The cross-hairs of Z-plane indicators are intensified for clarity. 

Scale bar 10 μm
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Spontaneous  [Ca2+]i increases in wounded hESC-RPEs

Then, the effect of wounding on spontaneous transient  [Ca2+]i increases was evaluated. 

The samples of 9 d + 15 min (Fig. 6A–C), 9 days + 7 days (Fig. 6D–F), 28 days + 15 min 

(Fig. 6G–I), and 28 days + 7 days (Fig. 6J–L) samples are in Fig. 6. On the left are the rep-

resentative bright field images, in the middle are the corresponding fluorescence images 

of the cells in the same field of view loaded with Fluo-4 AM are shown, and on the 

right are the analysed areas, where the percentage of the cells with spontaneous  [Ca2+]i 

increases (%RC) were compared. In 9-day-cultured hESC-RPE cells with fresh wounds 

(9  days + 15  min samples), %RC in the area closest to the wound edge (“area 1”) was 

Fig. 3 Extracellular protein localization in hESC-RPE cultures. Localization of extracellular matrix protein 

collagen I (red) and laminin (green) in control and wounded Regea08/017 and Regea08/023 hESC-RPEs. 

Nuclei were counterstained with DAPI (blue). Non-wounded area of Regea08/017 hESC-RPEs cultured for 

16 days (A–C). Regea08/017 hESC-RPEs cultured for 9 days, wounded and imaged 7 days after wounding, 

cultured for 16 days in total (D–F). Non-wounded area of Regea08/023 hESC-RPEs cultured for 16 days (G–I). 

Regea08/023 hESC-RPEs wounded on day 9 of culture and allowed to heal for 7 days, cultured for 16 days in 

total (J–L). On the left row are the Z-stack from the apical side, in the middle from the nuclear level, and on 

the right row from the basal side of the culture. The cross-hairs of Z-plane indicators are intencified for clarity. 

Scale bar: 10 μm



Page 12 of 20Abu Khamidakh et al. BioMed Eng OnLine  (2018) 17:102 

more than twice higher compared to control (%RC in area 1 = 33.2 ± 6.4%;  %RC in con-

trol = 15.3 ± 4.4%; p = 0.028) (Fig. 6C). The 9 days + 7 days (Fig. 6F) and 28 days + 15 min 

samples (Fig. 6I) did not have statistically significant changes in %RC in any of the inves-

tigated areas. Healed or partially healed hESC-RPEs that were wounded on day 28 of cul-

ture and then allowed to heal for 7 days (28 days + 7 days samples) had almost twofold 

decreased  %RC inside the healed wound compared to the control (%RC in the healed 

wound area = 19.7 ± 4.6; %RC in control = 38.7 ± 2.0%; p = 0.029) (Fig. 6L).

Mechanically induced  Ca2+ waves in wounded hESC-RPEs

Next, the effect of wounding on the propagation of intercellular  Ca2+ waves induced 

by mechanical stimulation was assessed. Mechanical stimulation of a single cell in a 

hESC-RPE monolayer resulted in a  [Ca2+]i increase in the stimulated cell that propa-

gated in a wave-like manner to neighboring cells in 9  days + 15  min, 9  days + 7  days, 

28 days + 15 min, and 28 days + 7 days samples.

The wounded hESC-RPE monolayer (9 days + 7 days) and a shadow of a micropipette 

used for mechanical stimulation is represented in Fig.  7A and the fluorescence image 

of the same culture loaded with  Ca2+-sensitive dye in the same field of view is shown 

Fig. 4 Cell size differences in 9- to 35-day-cultured hESC-RPE. Cell area was analyzed by manual cell boarder 

segmentation indicated by red lines (a). Scale bar: 50 μm. Analysis of cell areas (b) of hESC-RPEs cultured for 

9 days  (ns = 4), 16 days  (ns = 6), 28 days  (ns = 6) or 35 days  (ns = 5), and 28-day-cultured hESC-RPEs, wounded 

and visualized 7 days after wounding (7 days)  (ns = 2). The presented data are combined from Regea08/017 

and Regea08/023 hESC-RPEs

Table 3 p-values calculated with  the  unpaired Student’s two-sample t-test for  datasets 

presented in Fig. 4

Samples are abbreviated as follows: “9 days”—9-day-cultured; “16 days”—16-day-cultured; “28 days”—28-day-cultured; 
“35 days”—35-day-cultured; “7 days w.”—7-day-cultured cells within wounds made on day 28

p 9 days 16 days 28 days 35 days 7 days w.

9 days –

16 days 2.33 × 10−20 –

28 days 2.08 × 10−14 4.94 × 10−04 –

35 days 1.44 × 10−13 3.48 × 10−05 0.541 –

7 days w. 0.636 3.30 × 10−15 4.67 × 10−11 1.94 × 10−10 –
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in Fig. 7B, see also corresponding Additional file 2: Video S1. The white polygon indi-

cates the area of wave spreading, and cells indicated with white dots are the cells par-

ticipating in the wave propagation. A representative brightfield images with a wounded 

hESC-RPE monolayer and a shadow of a micropipette used for mechanical stimulation 

is represented in Fig. 7C (the 28 days + 7 days) and the fluorescence image of the same 

culture loaded with  Ca2+-sensitive dye in the same field of view is shown in Fig. 7D, see 

also corresponding Additional file 3: Video S2. The latter figure also indicates the area of 

 Ca2+ wave spreading (white polygon) and the cells participating in the wave propagation 

(white dots).

Samples that were cultured for 28 days prior to wounding and later allowed to heal for 

7 days (28 days + 7 days samples) showed a 4.6-fold higher number of cells involved in 

 Ca2+ wave spreading within a healed area compared to control (79 ± 19 cells in wounded 

area and 17 ± 6 cells in control area; p = 0.0047) (Fig. 7E). Furthermore, in these samples 

 Ca2+ waves covered 8.9-fold larger areas compared to control (p = 0.0023) (Fig. 7F).

In 9 d + 15 min, 9 days + 7 days, and 28 days + 15 min samples  Ca2+ waves inside or 

close to the wounded areas propagated in the same manner as in non-wounded controls 

(Fig. 7E, F.

Discussion

The complex RPE-derived wound healing process in AMD is weakly understood. In 

a recent study the healing of scratch wounded H9 hESC-RPE cells has been shown 

to have partial wound closure within 30  days [12].  Ca2+ has an important role in 

Fig. 5 Wound healing speed and time. Bright field image of Regea08/023 hESC-RPEs wounded on day 28 of 

culture, then healed for 7 days, visualized immediately after wounding (A), 58 h after wounding (B), and 118 h 

after wounding (C). Scale bar: 50 μm. Percentage of completely healed samples (white bar—intact coating; 

black bar—damaged coating) wounded on day 9 and healed for 7 days (coating intact,  ns = 16; coating 

damaged,  ns = 8) or wounded on day 28 and healed for 7 days (coating intact,  ns = 18; coating damaged, 

 ns = 23) (D). Wound healing speed during a 7-day follow-up of 9-(ns = 16) or 28-day-cultured  (ns = 11) 

hESC-RPEs (E). Wound healing time during a 7-day follow-up of 9-(ns = 16) or 28-day-cultured  (ns = 11) 

hESC-RPE cells (F). The presented data are combined from Regea08/017 and Regea08/023 hESC-RPEs
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Fig. 6 Percentage of cells with spontaneous  [Ca2+]i increases (%RC) in wounded hESC-RPEs at different 

areas related to the wound location. A bright field image of 9-day-cultured, wounded hESC-RPEs, visualized 

immediately after wounding (A). A fluorescence image of the same sample as in A loaded with  Ca2+-sensitive 

indicator Fluo-4 AM (B). The wound area (“wound”) and adjacent areas (“Area 1”, “Area 2”, “Area 3”) are marked 

with white lines. Analyzed percentage of responsive cells (%RC) in non-wounded control  (ns = 8), and area 1 

 (ns = 8), area 2  (ns = 8) and area 3  (ns = 8) (C). Statistical significance: p < 0.05 is marked with Asterisk. A bright 

field image of 9-day-cultured then wounded hESC-RPEs, visualized 7 days after wounding (D). A fluorescence 

image of the same sample as in D loaded with  Ca2+-sensitive indicator fluo-4 AM (E). The wound area 

and adjacent areas are marked with white lines. The %RC in non-wounded control  (ns = 8), wounded area 

 (ns = 8) and area 1  (ns = 8), area 2  (ns = 8), and area 3  (ns = 6) (F). A bright field image of 28-day-cultured 

and wounded hESC-RPEs, visualized immediately after wounding (G). A fluorescence image of the same 

sample as in G loaded with  Ca2+-sensitive indicator Fluo-4 AM (H). The wound area and adjacent areas are 

marked with white lines. The %RC in non-wounded control  (ns = 8) and area 1  (ns = 8), area 2  (ns = 8), and 

area 3  (ns = 8) (I). A bright field image of 28-day-cultured then wounded hESC-RPEs, visualized 7 days after 

wounding (J). A fluorescence image of the same sample as in J loaded with  Ca2+-sensitive indicator Fluo-4 

AM (K). The wound area and adjacent areas are marked with white lines. The %RC in non-wounded control 

 (ns = 4), wounded area  (ns = 4) and area 1  (ns = 4), area 2  (ns = 4), and area 3  (ns = 4) (L). The presented data 

are combined from Regea08/017 and Regea08/023 hESC-RPEs
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the wound healing of epithelial cells but less is known about cellular  Ca2+ dynam-

ics implicated in the response to fresh wounds and wound healing of RPE. Here, we 

analyzed spontaneous and mechanically induced  [Ca2+]i increases of cells in freshly 

wounded and healed hESC-RPE monolayers at two different maturation stages. There 

are great expectations of hESC-RPE as becoming cell source for cell replacement 

therapy [34–36]. To understand the integration of surgical transplants, it is essential 

to study the wound healing mechanisms of the hESC-RPEs.

For RPE cells, the ability to heal scratch wounds has been demonstrated in different 

in vitro and in vivo models, e.g. in [5, 7–9, 12]. For hESC-RPE cells, Schwartz et al. 

showed that, in  vitro, their attachment to substrata strongly depends on cell differ-

entiation stage: the lighter pigmented cells attach and proliferate better than heav-

ily pigmented cells. Thus, it was proposed that less mature cells may provide better 

results for transplantation studies [37]. In line with the latter, we found that wound 

healing capacity of our hESC-RPEs depended on cell culture time: cells wounded after 

9-days of culture showed a higher percent of healed samples and faster healing speed 

compared to those wounded on 28-day of culture. Substratum is crucial for wound 

healing: the percentage of healed samples with damaged collagen IV coating was 

much lower compared to that with intact coating in hESC-RPE cells wounded on both 

day 9 and day 28 after plating. This is in line with the knowledge that cells in general 

prefer the extracellular matrix substrata and that the plain Ormocomp coating does 

not support hESC-RPE cell spreading [29]. In addition, with confocal orthoimages, 

we showed that within 7 days the cells had produced new extracellular matrix layer 

with laminin and collagen I to the site of the wound and had migrated on top of it. In 

confocal analyses this layer appeared to be thicker than the extracellular matrix prior 

to the wounding.

In epithelial monolayers, several rows of cells behind the wound edge participate in 

wound healing, pushing the monolayer towards the denuded area [38–40]. In chick 

(See figure on next page.)

Fig. 7 Ca2+ wave propagation in wounded hESC-RPEs after mechanical stimulation. A bright field image of 

a hESC-RPE monolayer (9d + 7d) (A). The dark shadow of micropipette lowered towards the cell to perform 

mechanical stimulation can be seen. Fluorescence image of the same culture as in A loaded with fluorescent 

 Ca2+ sensitive dye Fluo-4 AM that reflects  [Ca2+]i concentration in the cytoplasm (B). A white line indicates 

the area of the monolayer that responded to single-cell mechanical stimulation. White dots indicate the cells 

that participate in a mechanically induced  Ca2+ wave. Similarly a bright field image of a hESC-RPE monolayer 

(28 days + 7 days) (C). The dark shadow of micropipette lowered towards the cell to perform mechanical 

stimulation can be seen. Fluorescence image of the same culture as in A loaded with fluorescent  Ca2+ 

sensitive dye Fluo-4 AM that reflects  [Ca2+]i concentration in the cytoplasm (D). A white line indicates the 

area of the monolayer that responded to single-cell mechanical stimulation. White dots indicate the cells that 

participate in a mechanically induced  Ca2+ wave. Number of hESC-RPE cells participating in a mechanically 

induced intercellular  Ca2+ wave in wounded 9-day-cultured cells followed for 15 min (ctrl,  ns = 7; wounded, 

 ns = 7), or for 7 days (ctrl,  ns = 7; wounded,  ns = 7). The mechanically induced intercellular  Ca2+ wave in 

wounded 28-day-cultured cells followed for 15 min (ctrl,  ns = 8; wounded,  ns = 8), or for 7 days (ctrl,  ns = 6; 

wounded,  ns = 7). E White bar—control; black bar—wound edge or healed wound. Statistical significance: 

p < 0.05 is indicated with Asterisk. Area of a mechanically induced intercellular  Ca2+ wave spreading in 

wounded 9-day-cultured cells followed for 15 min (ctrl  ns = 7; wounded,  ns = 7), or for 7 days (ctrl,  ns = 7; 

wounded,  ns = 7). The mechanically induced intercellular  Ca2+ wave spreading in wounded 28-day-cultured 

cells followed for 15 min (ctrl,  ns = 8; wounded  ns = 8), or for 7 days (ctrl,  ns = 6; wounded,  ns = 7). F White 

bar—control; black bar—wound edge or healed wound. Statistical significance: p < 0.05 is indicated with 

Asterisk. The presented data are combined from Regea08/017 and Regea08/023 hESC-RPEs
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model of small wounds, the RPE cells stretch from wound edges towards each other 

and then fill the wound without proliferation [7]. But, if the wound is wide, RPE cells 

start proliferating to seal it [7]. In accordance with these data, we saw hESC-RPE cells 

which were proliferating during wound healing, but there were no proliferating cells 

after the wound closure. In cultures with proliferating cells, the Ki-67 positive cells 

located few cell layers away from the wound edge.

The scratch-wounding of a cellular monolayer is known to trigger an intercellular 

 Ca2+ wave that spreads several rows away from the leading wound edge [18, 41–43]. 

For example in human corneal epithelial cells, it has been shown that ATP released 
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at the time of injury serves as an early signal that enables activation of wound heal-

ing processes [44]. In our 9-day cultured hESC-RPEs, after wounding we detected the 

elevated percentage of cells with spontaneous  [Ca2+]i increases close to the wound 

edge. Thus, in this study, we could also observe distinct behavior of the cells near 

the denuded area in terms of  Ca2+ dynamics compared to the rest of the monolayer. 

We can hypothesize that the initial  Ca2+ wave which occurs at the time of wounding 

affects the  Ca2+ dynamics of the cells close to the wound edge to promote the healing.

In freshly wounded 28-day-cultured cells, the percentage of cells with spontaneous 

 [Ca2+]i increases was the same as in control, regardless of the distance to the wound 

edge. We hypothesize that 28-day-cultured hESC-RPEs are not able to make their 

spontaneous activity any higher, as previously we have shown that the percentage of 

cells with spontaneous  [Ca2+]i increases does not elevate further after day 28 of cul-

ture [22].

Here, the hESC-RPEs wounded on day 28 of culture and then allowed to heal for 

7  days, had lower percentage of cells with spontaneous  [Ca2+]i increases inside the 

healed area. This finding is in accordance with our previously published observation 

that the percentage of cells with spontaneous  [Ca2+]i increases raises during matura-

tion in hESC-RPE cells [22]. Thus, cells with shorter culture time within the healed 

wounds have lower spontaneous  Ca2+ activity compared to surrounding cells, which 

have been cultured for a longer period of time.

Mechanical stimulation has been shown to induce intercellular  Ca2+ waves in RPE 

[22–25]. In rat RPE, the mechanically induced intercellular  Ca2+ waves spread to up 

to 3 cell tiers away from the site of mechanical stimulation [23, 24], whereas in human 

ARPE-19 cell line, such waves are more intense, covering up to 14 cell layers [25]. Our 

previous studies show that in hESC-RPE cells, the spreading of mechanically induced 

 Ca2+ waves strongly depends on cell culture time. In cells cultured for a longer period 

of time (28 days), the  Ca2+ waves propagate to only few cells away from the stimula-

tion site, similarly to the waves in rat RPE. On the other hand, the cells cultured for a 

shorter period of time (9 days) respond with wide-spreading  Ca2+ waves, similarly to 

ARPE-19 [22].

In the current study, we demonstrated that in hESC-RPEs wounded on day 28 of 

culture and then allowed to heal for 7 days, mechanical stimulation resulted in wide-

spreading intercellular  Ca2+ waves, when a cell inside the healed wound had been 

stimulated. Inside the healed wounds, the cells have less mature morphology com-

pared to the non-wounded surroundings, and indeed, such a strong response to 

mechanical stimulation is typical for immature hESC-RPEs.

On the other hand, control non-wounded areas exhibited more mature morphol-

ogy, and the wave spreading was restricted to only few cells that is typical for more 

mature hESC-RPE cells, as we have shown in our previous study [22]. In contrast, the 

cells wounded on day 9 of culture and then allowed to heal for 7 days, did not show 

significant differences in the mechanically stimulated  Ca2+ wave spreading in the 

healed areas and in control. The cells within the healed areas had similar morphol-

ogy as the surrounding cells, and the  Ca2+ wave spreading pattern corresponded to 

immature hESC-RPE cells. In addition, when cells were wounded on day 9 of culture 

and then healed for 7 days, the cells inside the healed area did not show significant 
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difference in the percentage of cells with spontaneous  [Ca2+]i activity compared to 

the surroundings. Thus, we can speculate that if there is no big difference in matura-

tion status of the cells within the wound and in the surroundings, the cells can adapt 

to share similar  Ca2+ dynamics behavior.

Conclusions

We have shown here that the effect of wounding on  Ca2+ dynamics of hESC-RPE mon-

olayers depends on cell culture time: 9-day-cultured freshly wounded cells have elevated 

amount of cells with spontaneous  [Ca2+]i increases in vicinity to the wound compared 

to control, whereas 28-day-cultured freshly wounded cells had similar  Ca2+ dynam-

ics around the wound edge as in other areas. Most importantly, we have shown that 

28-day-cultured, wounded and thereafter 7-day-healed areas resemble the behavior of 

9-day-cultured cells both in  Ca2+ dynamics and cell morphology. In addition, we have 

demonstrated that cells cultured for a shorter period of time heal faster than cells cul-

tured for a longer period of time. This acquired knowledge about  Ca2+ dynamics in 

hESC-RPE cells is important for understanding the fundamental mechanisms of RPE 

wound healing that can lead to new insights in AMD pathological process and therapy.

Additional files

Additional file 1: Fig S1. Confocal images of non-wounded (A) and wounded (B) Regea08/017 hESC-RPE cultures 

in which COLI is shown in red and nuclei in blue. As seen from the ortho-sections on the right and above, the COLI is 

concentrated close to the substrata. This is indicated also with white arrows. The background labeling, which would 

be visible is other areas of the cell, is very low. Scale bars are 10 μm.

Additional file 2: Video S1. Calcium wave in hESC-RPE monolayer (9d + 7d) followed for 300 s after mechani-

cal stimulation. The video corresponds Fig. 7A, B. Prior the stimulation hESC-RPEs (9d + 7d) were loaded with 

fluorescent  Ca2+ sensitive dye Fluo-4 AM that reflects  [Ca2+]i concentration in the cytoplasm. The site of mechanical 

stimulation is marked with white an arrow. Mechanical stimulation of a single cell in a hESC-RPE monolayer resulted 

in a  [Ca2+]i increase, seen as an increase in fluorescent signal, in the stimulated cell that propagates in a wave-like 

manner to neighbouring cells.

Additional file 3: Video S2. The video corresponds Fig. 7C, D. Calcium wave in hESC-RPE monolayer (28d + 7d) 

followed for 300 s after mechanical stimulation. Prior the stimulation hESC-RPEs were loaded with fluorescent  Ca2+ 

sensitive dye Fluo-4 AM that reflects  [Ca2+]i concentration in the cytoplasm. The site of mechanical stimulation is 

marked with white an arrow. Mechanical stimulation of a single cell in a hESC-RPE monolayer resulted in a  [Ca2+]i 

increase, seen as an increase in fluorescent signal, in the stimulated cell that propagates in a wave-like manner to 

neighbouring cells.
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