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Calcium (Ca2+) is a ubiquitous second messenger that controls diverse cellular functions. Human lens
epithelial cells (LECs) are not exception in this respect, because Ca2+ signaling plays a major role in
lens homeostasis and its disturbances are also related to cataract formation. The major goal of the
present work is analysis, identification and comparison of intercellular Ca 2+ signaling in human LECs
upon local mechanical stimulation and local mechanical stimulation after applied antagonist’s apyrase
(ATP diphosphohydrolase) and carbenoxolone (CBX). The purpose of added antagonists was to
determine and better understand paracrine and gap junctional mechanisms in the intercellular aspect of
LECs. In our experiments we used fresh postoperative lens capsules (LCs) obtained during cataract
surgery and ex vivo explants. We mechanically stimulated each anterior LECs sample with a glass
micropipette, which induced an increase in intracellular Ca2+ concentration ([Ca(2+)]i). Changes in
[Ca2+]i in the cytosol were monitored using the fluorescent dye Fura-2. We observed the propagation on
the Ca2+ signal in form of a wave that propagated radially from the stimulation point. Basically,
amplitude of Ca2+ transients was found to decrease with increasing distance from the stimulation point.
The Ca2+ signaling analysis in postoperative aLCs with added CBX has shown that the Ca2+ wave
propagation is almost completely diminished since only cells nearby the simulation point get activated.
In contrast, the application of apyrase showed little effect on the intercellular Ca2+ signaling in fresh
postoperative LCs. Furthermore, we additionally studied Ca2+ signaling in ex vivo explant LC culture. It
turned out that apyrase has more blocking effect on the spread of Ca2+ signal in ex vivo culture while
CBX showed more efficiency in postoperative lenses, which suggests that these pharmacological agents
could be a promising tool in regenerative medicine, repair, and lens regeneration.
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Kalcij (Ca2+) je vseprisotni sekundarni sporočevalec, ki nadzoruje različne celične funkcije. V tem
pogledu epitelijske celice človeške leče (ECL) niso izjema, saj ima Ca2+ signalizacija pomembno vlogo
pri homeostazi leče, motnje signalizacije Ca2+ pa povezujejo tudi s tvorbo sive mrene. Glavni cilj
našega dela je bila identifikacija, analiza in primerjava medcelične signalizacije Ca 2+ v človeških ECL,
ob lokalni mehanski stimulaciji, brez in z dodatno apliciranima agonistoma apirazo (ATP
difosfohidrolaza) in karbenoksolonom (CBX). Namen dodanih agonistov je bil določanje in boljše
razumevanje parakrinega mehanizma in presledkovnih stikov pri komunikaciji med ECL. V našem
poskusu smo uporabili sveže postoperativne lečne ovojnice (LO), pridobljene med operacijo katarakte,
in primarne lečne kulture. ECL smo mehansko stimulirali s stekleno mikropipeto, kar je povzročilo
povečanje znotrajcelične koncentracije Ca2+ ([Ca2+]i). Spremembe [Ca2+]i v citosolu smo spremljali s
pomočjo fluorescentnega barvila Fura-2 in ugotovili, da se Ca2+ signal širi v obliki vala, radialno od
točke stimulacije skozi celice v vidnem polju, ter da se amplitude [Ca 2+]i zmanjšujejo s povečevanjem
oddaljenosti od točke stimulacije. Analiza signalizacije Ca2+ v postoperativnih LO z dodanim CBX je
pokazala, da je širjenje Ca2+ valov skoraj popolnoma onemogočeno, saj se aktivirajo samo celice v
bližini stimulacijske točke. Po drugi strani pa apiraza ni imela znatnega vpliva na medcelično
signalizacijo Ca2+ pri svežih postoperativnih LO. Poleg tega smo dodatno preučevali signalizacijo Ca 2+
v primarni lečni kulturi. V tem primeru se je izkazalo, da apiraza bolj zablokira širjenje Ca 2+ signala
med celicami lečne kulture, medtem ko CBX v primerjavi s postoperativno lečo tukaj učinkuje manj. Ti
rezultati nakazujejo, da bi lahko bila preizkušana farmakološka agonista učinkovito orodje pri
regenerativni medicini, popravilu in regeneraciji leč.
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1 INTRODUCTION
The human eye is a specialized sensing organ responsible for receiving visual images. Eyes
provide 80% of all information received from the external environment (Arakelian and
Wenger, 2018). The structure and function of the eye are complex. The lens is the transparent
flexible tissue suspended behind the iris and pupil that helps to focus light on the retina. The
optic nerve carries nerve impulses to the brain, thereby converting it into visual images.
Visual accommodation is achieved by shape changes in the transparent lens of the eye (Kessel
and Shih, 2012). The lens provides 25-35% of the eye's focusing power. The ciliary muscles,
which are part of the ciliary body allow flexibility and elasticity of the lens. They are attached
to the lens, whereby contracting or releasing change the shape and curvature of the lens. The
lens itself lacks nerves, blood vessels, or connective tissue. The lens function is accomplished
largely by the combination of the microarchitecture of the lens, comprising anterior lens
epithelial cells (aLECs) and fiber cells lacking organelles in the lens nucleus, and on a
molecular level the densely packed lens crystallins (Hejtmancik et al.,2015). The lens has
three main parts: the lens capsule (basement membrane of the lens epithelium), the lens
epithelium (single layer, miotic at germinative zone), and the lens fibers. The lens epithelium
is located in the anterior portion of the lens between the lens capsule (LC) and the lens fibers.
The function of the lens epithelium is associated with the structural organization of the LECs
that could be responsible for the cataract development (Andjelić at el.,2015b). The anterior
LC (aLC) and epithelium have important roles in maintaining the lens's transparency by
acting as a regulatory barrier between the aqueous humor and lens fibers (Danysh and
Duncan, 2009; Bhat, 2001; Andjelić et al.,2011b). The aLC and lens epithelium are also
primary targets of different stressors originating from the interior of the eye (Spector, 1995) as
well as from the environment, and disruption of these components leads to cataract formation
(Andjelić et al.,2017; Truscott, 2005). Because they serve key transport and cell maintenance
functions throughout life and are the primary source of metabolic activity in the lens,
mechanisms to maintain lens epithelial cell integrity and survival are critical for lens
transparency (Andley, 2008). aLECs are connected by gap junctions (Goodenough et
al.,1980) allowing the exchange of low-molecular-weight metabolites and ions. Over time, the
lens loses some of its elasticity and therefore loses some of its ability to focus on near objects.
This phenomenon causes instability and various diseases occur, including cataract. Free
radicals are the major cause for cataract formation but, the presence of endogenous
antioxidants in the eye suppresses or neutralizes free radicals. The lens's complementary
system (Wang et al.,2012) tends to protect the lens gap junction and connexins (cxs) from
disruption and damage caused by age and external stressors, particularly related to oxidative
stress and UV light.
Below, we will talk more about the pathophysiology of lens epithelium during the process of
cataractogenesis. This investigation is focused on modulating Ca2+ homeostasis in aLECs
associated with different types and progression level of cataract affecting Ca2+ signaling
pathway. We analyzed network connection in LECs by adding two antagonists. We employed
apyrase which rapidly hydrolyzes ATP using the paracrine mechanism of action and CBX as
gap junction blocker. The purpose of the addition of antagonists is to better understand the
aLECs communication on a molecular level, as a possible target for enabling the prevention
and treatment of cataract as a benefit of regenerative medicine.
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1.1 PURPOSE OF THE RESEARCH
Calcium ion (Ca2+) as a second messenger and plays a fundamental role in the stimulusresponse reaction of cells in the signaling pathway. The role of Ca2+ as a second messenger
was first discovered in the excitation-contraction coupling of skeletal muscle (Endo, 2006).
Intracellular Ca2+ concentration ([Ca(2+)]i) is significantly higher in the cytoplasm than in the
extracellular environment (Bagur and Hajnoczky, 2017). High Ca2+ levels in LECs could be a
feasible indicator for cataracts irrespective of type. Altered [Ca2+] and consequently impaired
Ca2+ balance in LECs lead to the development of lens opacities (El-Sayyad et al.,2015).
Several lines of evidence imply that the loss of Ca2+ homeostasis in the lens is a key factor in
cataract formation (Duncan et al.,2013). The role of LECs in controlling the lenticular Ca2+ is
not completely understood. It is observed that irrespective of the type of cataract, total Ca2+
levels are always several-fold higher in the LECs from the central zone of the epithelium of
the lenses with the cataract than in those taken from the clear controls (Gupta et al.,2004).
A frequently used tool for studying intercellular communication is mechanical stimulation.
The method is based on the inducing the elevated levels of Ca2+ in the cell, and its propagation
in surrounding cells. It should be noted that gap-junctionally mediated diffusion of other
signaling molecules, such as inositol 1,4,5-triphosphate, and possibly paracrine mechanisms
are involved into the transmission of intercellular signals in epithelial tissues as well (Nielsen
et al.,2012; Vainio et al.,2015).
Modifications of Ca2+ homeostasis in LECs is associated with the progression of cataract
affecting Ca2+ signaling (Gosak et al.,2015). We aim to analyze different aspects of intra- and
intercellular Ca2+ signaling in human LECs, which are attached to a surgically isolated aLC
obtained during cataract surgery. The way to understand the signaling pathway is studying the
changes in [Ca2+]i after mechanical stimulation of preparations incubated with apyrase and
CBX, after being loaded with Fura-2. The fluorescence is captured with an inverted
microscope.
Additional aim of this study is to compare differences in signal response in the postoperative
lens epithelium and lens cultures. For a more detailed consideration of intercellular
communication, cataract relatedness and origin, posterior capsule opacification (PCO)
development and lens regeneration, in addition to mechanical stimulation, two antagonists
related to different cell structures and different mechanism pathway were selected. For our
experiment, we used apyrase to degrade ATP. In fact, cells release their ATP for
physiological reasons, as a second messenger, which activates plasma membrane-localized
P2X (ion channels) and P2Y (G-protein-coupled receptors) and thereby modulates cellular
function in an autocrine or paracrine manner (Corriden and Insel, 2010). Purinergic receptor
stimulation may be mediated via ATP released from the mechanically stretched cells (Iglesias
and Spray, 2012). Hence, the [Ca2+]i wave propagation should be absent under conditions in
which either intracellular ATP was depleted or extracellular ATP (eATP) was scavenged
(Sauer et al.,2000). In this work, the molecular mechanism and the signaling pathway through
intercellular networks are considered. In addition, our second selected antagonist, CBX, is
related to gap junction channels. Gap junctions are clusters of intercellular channels allowing
the bidirectional passage of ions and other signaling molecules directly into the cytoplasm gap
junctional intercellular communication (GJIC) of adjacent cells (Marmolejo and Pérez, 2016).
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The gap junctions play a role in the generation of coordinated activity. Therefore, gap
junctional communication (GJC) is undoubtedly involved in the generation and maintenance
of homeostasis between adjacent cells concerning ions and low molecular weight metabolites.
To study this issue, gap junction blockers are nowadays available as it is in our case CBX,
which has the potential to disrupt the GJIC. Our primary aim here is to understand the key
mechanism for maintaining the processes of cell communication, repair and regeneration.
1.2 HYPOTHESIS
The study is based on postoperative human aLCs, obtained from patients with different types
and stages of cataract. Modification of Ca2+ homeostasis in LCs, related to different types and
stages of cataracts also affects Ca2+ signaling after local mechanical stimulation. In Gosak et
al., (2015) Ca2+ signaling in LECs was examined after stimulation with acetylcholine (ACh).
Their study has revealed that no significant differences of Ca2+ signalization are detected with
respect to the cataract types but showed significant differences between developmental stages.
Most importantly, the differences were at most pronounced at the level of intercellular Ca2+
signals. In the present work we aimed to investigate the mechanism involed in Ca2+ signaling
by testing the efficiency of antagonists, apyrase and CBX, on Ca2+ signaling induced by
mechanical stimulation. Apyrase eases to evaluate the contribution of paracrine signaling,
whereas CBX the contribution of gap junctional communication to Ca2+ signal propagation.
Our investigation is focused on intercellular mechanisms and their interconnection and effects
followed in different types of cataracts, different stages and between postoperative and lens
cultures.
Postoperative aLCs were used to cultivate ex vivo primary lens cultures of human aLECs. It is
also expected that cultured confluent LECs will have a different cellular network response to
local mechanical stimulation, which reflects differences in intercellular communication and
mechanisms (gap junction and paracrine) compared to postoperative preparations as well as
compared to cultured non-confluent LECs.
1.3 OBJECTIVES
Mechanical stimulation is the way to study and demonstrate the spread of Ca2+ waves
between cells. The addition of antagonists and the response at that time, i.e., a change in the
concentration of Ca2+, gives us basic information on intercellular communication, and
mechanisms involved. Our goal is to study the Ca2+ signals at the molecular level and the cellcell interactions. Therefore, the first task to be performed is to study how antagonists
influence Ca2+ signal propagation, whether we notice a difference between different types of
cataracts and developmental stages. Another question is, if there are differences on the effect
of antagonists on postoperative aLCs vs lens culture. Lens culture allows to obtain essential
information about tissue regeneration and are important for studing PCO. Detailed analysis of
mechanical stimulation can be used to address the different contributions of two major
pathways of Ca2+ waves, gap junctions and a paracrine ATP mechanism, both in postoperative
LCs and lens cultures.

4
Spasovska E. The mechanisms of Ca2+ signaling in human lens epithelial cells upon mechanical stimulation.
M. Sc. Thesis. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Molecular and Functional Biology, 2020

2 REVIEW
2.1 LENS FUNCTION AND OPACIFICATION
In the text below, the structure and function of the lens as a subject of investigation in
cataractogenesis will be emphasized. Cataract is an opacification of the transparent crystalline
lens (Raj, 2007). The lens is an avascular and transparent biconvex structure in the anterior
segment of the eye. The main function of the lens is to focus light on the retina and play a
critical role in normal vision. The purpose of the lens is to project a sharply focused, accurate
image. That means that despite the remarkably high protein level in the lens, avascular tissue
must stay transparent to allow for a normal transmission and focusing of light on the retina
(Beyer et al.,2013).
LECs express the gap junction proteins, Cx43, Cx46 and Cx50 (Berthoud et al.,2017). The
Cx50 plays a critical role during proliferation and differentiation of epithelial cells in the early
postnatal period, thereafter, Cx43 becomes the superior connexin supporting intercellular
communication during life. The Cx46 and Cx50, both are crucial for lens transparency
(Berthoud et al.,2017). Cx43 and Cx50 hemichannels and gap junction channels are regulated
by multiple different agents and likely contribute to both normal lens physiology and
pathology (Berthoud et al.,2009). These channels in certain physiological conditions help
maintain ionic composition and metabolic homeostasis, as well as aid the transport of
antioxidant molecules such as glutathione (GSH) from the outer cortex to the lens nucleus
(Nye-Wood et al.,2016). In pathological conditions, the lens reduces the amount of light
reaching the retina and becomes opaque, which is the reason for the development of cataracts.
Cataract formation happens due to many reasons, among which the most prominent are
protein post-translational modifications and gene mutations. Protein abnormalities associated
with cataract formation include α, β, and γ- crystallin (Hejtmancik, 2008; Graw, 2008),
intermediate filament (IF) proteins [i.e., filensin and phakinin] (Hejtmancik, 2008; Song et
al.,2009), and membrane proteins such as aquaporin [AQP0] (Hejtmancik, 2008) and Cx46
and Cx50 (Gong et al.,2007). It is assumed that cataract is expanded by the aging process,
where oxidation is the hallmark of age-related nuclear (ARN) cataract. Oxidation of
methionine and cysteine residues and loss of protein sulfhydryl groups (PSH), increase the
effect of cataract i.e., worsens in the most advanced form. It would be expected that photooxidative changes would be more noticeable in the lens center.
Many studies confirmed that oxidative changes in soluble components as α-crystallin and
mixed disulfides with glutathione begins at the fiber membrane lens. Spector and Garner
(1980) have shown that advanced stage of cataracts include 60% oxidated methionine
components such a methionine sulfoxide and methionine sulfone, while cysteine oxidized to
either the disulfide form or cysteic acid. The progression involves various biochemical
changes, currently an important criterion for diagnostic determination. Metabolically the
active cortex remains viable in old lenses (and even possibly in ARN cataract lenses).
Therefore, it is vital to understand the reason for the onset of the lens barrier, which becomes
apparent in middle age. The lens barrier acts to impede the flow of small molecules between
the cortex and the nucleus. After middle age, the barrier may contribute to the lowered
concentration of GSH in the lens nucleus, which also facilitates the decomposition of
intrinsically unstable metabolites and may aggravate the formation of H2O2 in the nucleus
(Truscott, 2005).
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The major UV filter protection in the human lens is a specific compound, 3hydroxykynurenine glucoside (3OHKG), present together with kynurenine (Kyn), as a
product of biosynthesize from tryptophan. Recently studies have proved that UVB generates
more damage than UVA and that damage is prevented by the lens filters. After UV radiations,
proteins suffer chemical reactions resulting in aggregations, decreasing the transparency of
the lens (Cetinel et al.,2017). Scientists aren't entirely sure what causes cataracts, but cataracts
can be effectively treated with surgery. In cataract surgery, the lens inside eye that has
become cloudy is removed and replaced with an artificial lens (called an intraocular lens, or
IOL) to restore clear vision. IOL implantation is one of the most significant advances in
medicine. During cataract surgery, an IOL is implanted into the adult eye securely behind the
iris and pupil, in the same location that the natural lens occupied. Secondary opacification of
the lens tissue remaining after surgery may occur (secondary cataract or PCO), the frequency
of which depends on the age of the patient, the experience of the surgeon, and the type of IOL
(Beebe et al.,2010). A secondary cataract is treated by laser-mediated disruption of the
posterior capsule of the lens. Capsular opacification occurs often in children, and a
capsulectomy is usually performed at the time of primary surgery (Stager et al.,2006).
2.1.1 Lens structure
The human lens is composed of two cell types and tree zones:
a. Capsule, which is basal membrane assembled by a monolayer of epithelial cells
(which covers the anterior surface);
b. Cortex, formed by epithelial cells enduring differentiation to fiber cells;
c. Nucleus, structured by fiber cells.
The lens's propensity is to circumvent light scattering, light transmission, and accommodation
supplies, thereby leading to the required transparency and homogeneity.

Figure 1: Schematic of the lens and its cellular organization (Song et al.,2009). The anterior of the lens
comprises a single layer of epithelial cells. At the lens equator, epithelial cells differentiate into fiber
cells. Those fiber cells in the center of the lens (region called lens nucleus) are derived from the
posterior epithelial cells of the lens vesicle. The epithelial cells differentiate into hexagonal lens fiber
cells at the lens equator to maximize cell-cell contacts with neighboring cells (Song et al.,2009).
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A single layer of the simple epithelial cells is located between the anterior capsule and the
outermost layer of the lens fiber. This is the most metabolically active part of the lens. These
epithelial cells are a reservoir of cells from which the lens grows throughout life. The lens
fiber cells create the bulk of the lens. These cells are formed from the epithelial cells at the
lens equator by differentiation, a process that involves the degradation of all membrane-bound
intracellular organelles and the expression of lens fiber cell-specific proteins, including the βand γ-crystallins (Bloemendal et al.,2004), plasma membrane proteins such as aquaporin 0
(AQP0), (Chepelinsky, 2009) and Cx50 (Gong et al.,2007), and the lens-specific IF proteins,
beaded filament structural protein 1 (BFSP1) and BFSP2 (Perng et al.,2007). Mature lens
fiber cells are long, ribbon-like cells that stretch lengthwise from the posterior to the anterior
poles of the lens (Song et al.,2009). Crystallins, the major structural lens proteins have an
imperative role in the lens transparency and acquire post-translational alterations during
cataract formation, which lead to protein insolubility, aggregation, and loss of the lens
transparency (Tewari et al.,2019). Prolonged hyperglycemic conditions increase the chances
of crystallins deterioration (Reddy et al.,2014). Ca2+ activates calcium-binding proteins
triggering changes in the shape and charge of the proteins (Tewari et al.,2019). As previously
mentioned, the lens is avascular. Therefore, to compensate for the lack of blood vessels, the
lens has a microcirculatory system that allows the circulation of nutrients, electrolytes, and
signals necessary for cellular function and substance, as well as for the maintenance of
transparency (Donaldson et al.,2007). Lens microcirculation is based on an intricate network
of intercellular connections via gap junction channels (Retamail et al.,2011).
2.1.2 LECs structure and function
In the mature lens, LECs cover the anterior surface of the lens and begin to differentiate into
lens fibres at the equator (Lin et al.,2016). The anterior lens surface is lined by a single cell
layer of cuboidal-shaped epithelial cells. Epithelial cells in the central region are considered to
be mitotically quiescent, whereas the cells in the peripheral region are mitotically active
(Beebe et al.,2006). The peripheral region is named germinative zone. In the equator part,
cells are strongly elongated, these cells have low mitotic activity and begin to express
differentiation genes into fibers and later into lamellar cells. The lens epithelium has apical
cell-cell junction complexes, including tight and gap junctions as well as adherent junctions,
utilizing both E- and N-cadherin (Song et al.,2009). As mentioned in Chapter 1.1, gap
junctions are clusters of intercellular channels. The gap junction channels are made from
connexin (Cx) (Gong et al.,2010), that means by using more than one connexin protein they
form intercellular channels. Three connexin isoforms Cx43, Cx46 and Cx50 are expressed in
the human lens as mentioned in Chapter 2.1. Thus, cells from the aLECs layer express Cx43
and Cx50 (Beyer and Berthoud, 2013). The Cx43 was initially described as a protein required
for gap junction-mediated intercellular communication, but recent studies have demonstrated
that Cx43 can also mediate communication by tunnelling nanotubes (TNTs) and extracellular
vesicles (Ribeiro-Rodrigues et al.,2017). Mutations in lens connexins have been linked to
disease in humans and rodents. Also, Beyer et al.,2013, have mapped mutations of Cx46 and
Cx50 which lead to cataracts in mice. Each of the three connexins have unique features for
maintenance and regulation of connexin-mediated communication in the lens.
On the other hand, many investigations have focused on the factors that initiate and regulate
LECs differentiation. LECs are responsible for the growth and development of the entire
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ocular lens. They serve key transport and cell maintenance functions throughout life and are
the primary source of metabolic activity in the lens. The maintain mechanisms of lens
epithelial cell integrity and survival are critical for lens transparency (Andley, 2008). The lens
development process is controlled by signaling molecules, cell cycle regulators and growth
factors such as fibroblast growth factors (FGF), platelet-derived growth factors (PDGFs),
insulin-like growth factors (IGFs), transforming growth factor beta (TGFβ). During lens
development in LECs molecular chaperones are expressed, such as αA-crystallin, αBcrystallin, Hsp25/27, Hsp40, Hsc70, Hsp70 and TCP-1 (Andley et al.,1998; Bagchi et
al.,2002; Nagineni and Bhat, 1992; Wang et al.,2004). Thus, αA-crystallin and αB-crystallin
have a protective effect of the LECs from environmental stress, as well as delaying the onset
of age-related cataract. Chaperones may be important in cell growth control of LECs by
preventing the aggregation of key proteins during periods of large cellular transitions during
differentiation, and by targeting proteins involved in cell cycle progression to the proteasome
(Andley, 2008). In addition, the lens epithelium contains a dynamic assembly of IF,
established IF networks of vimentin and glial fibrillary acidic protein (GFAP), nestin,
cytokeratin-8, etc (FitzGerald, 2009). All of these networks are critical for maintaining
connections and signaling between LECs, affecting cellular structure and gene transcription,
and other cellular responses such as proliferation and differentiation. Abnormal proliferation
in the LECs leads to deregulated posterior capsule and secondary cataract (a complication in
up to 50% of cataract surgeries).
2.2 CATARACTOGENESIS
Cataracts generally develop in both eyes, but not evenly. The cataract in one eye may be more
advanced than the other, causing a difference in vision between eyes. The three frequently
cataracts types:
➢ Cataracts that affect the edges of the lens (cortical cataract) are characterized by
white, wedge-shaped opacities that start in the periphery of the lens with pretensions
to the central part. This type of cataract occurs in the lens cortex. As it slowly
progresses, the streaks extend to the center and interfere with light passing through the
center of the lens.
➢ Cataract affecting the center of the lens (nuclear cataract) concentrates deep in the
central zone (nucleus) of the lens. Usually, this type is associated with aging. As the
cataract slowly progresses, the lens may even turn brown. Advanced yellowing or
browning of the lens can lead to difficulty distinguishing between shades of color.
➢ A cataract that affects the back of the lens (posterior subcapsular cataract) occurs in
an opaque area that usually forms near the back of the lens. These types of cataracts
tend to progress faster and interfere in a way that reduces vision in bright light.
Additional risk target groups are diabetes patients or people with high doses of steroid
medications.
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Figure 2: Three frequently types of cataracts age-related (Nuclear cataracts, Posterior capsular
cataracts, Cortical cataracts), Bhatt, 2015.

A cataract is customarily an age-related vision problem. But there are four more types of
cataracts that appear and affect people of all ages: congenital cataract, traumatic cataract,
secondary cataract, radiation cataract (Gupta et al.,2014).
2.3 POSTERIOR CAPSULAR OPACIFICATION
PCO is the most frequent complication of cataract surgery and can develop post-procedure,
after a few years (Boureau et al.,2009; Cullin et al.,2012), with incidence figures ranging from
< 5% to as high as 50% (Raj, 2007). PCO involves LECs growth and proliferation, leading to
reduced visual acuity, and may develop in a few months to years following cataract surgery
(Steinert et al.,2014; Perez-Vives, 2018). Consequently, after cataract surgery, PCOs appear
due to the proliferation and migration of residual LECs, fibroblasts, macrophages, and irisderived pigment cells on the posterior capsule bag (Jiang et al.,2018). All of these processes
are influenced by cytokines, growth factors, and extracellular matrix proteins (Bonnans et
al.,2015). Clinically, there are two morphological types of PCO, including the fibrosis type
and the pearl type (Wu et al.,2018). The fibrosis type is related to the proliferation and
migration of LECs, which generate epithelial-mesenchymal transition (EMT). Cells are
transformed from ectodermal epithelial form to mesenchyme form. Mesenchyme cells have
more highlight migratory and invasive capabilities. They culminate in fibrous metaplasia and
lead to significant visual loss because of folds and wrinkles in the posterior capsule (Wu et
al.,2018). Pearl-type PCO is caused by LECs located at the equatorial lens region (lens bow),
causing regeneration of crystallin-expressing lenticular fibers and forming Elschnig pearls and
Soemmering rings, which are responsible for most cases of PCO-related visual losses (Wu et
al.,2018). Ongoing research is underway to develop new models and mechanisms for
investigating details of LECs behavior after cataract surgery, which are not known until now.
Some potentially significant factors have been identified in the development of PCO,
including surgical techniques, IOL materials, cortical clean-up and concomitant pathologies
(for example diabetes). Many mechanisms may also affect the posterior capsule, the trapped
parts of the lens having the power to absorb water, resulting in fluffy white contours. Tears or
folds cause mechanical distortion of the bag, leading to irregularities in the posterior capsule
transparency.
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Figure 3: A schematic representation of (A) the post-surgical capsular bag and (B) the extensive
growth and modification that gives rise to posterior capsule opacification. (C) A dark-field micrograph
of a capsular bag removed from a donor eye that had undergone cataract surgery before death that
exhibits light scattering regions beneath an IOL (Eldred et al.,2011).

2.4 LENS REGENERATION
An ultimate goal in regenerative medicine would be the repair and regeneration of tissues
using the potential of endogenous stem/progenitor cells. Lin et al., (2016) have invented a
surgical method of cataract removal that preserves endogenous LECs and achieves functional
lens regeneration in rabbits and macaques, as well as in human infants with cataracts. Their
approach demonstrated a novel treatment strategy with minimally invasive cataract surgery
which preserves the natural environment of the LECs and facilitating functional lens
regeneration in animals and humans. This method improved lens regeneration in the patients
with congenital cataracts increased visual axis (transparency in > 95%) and decreased the rate
of surgery-related complications. There are also age-related factors important for the
regeneration process. There are differences between pediatrics and adult cataracts.
Furthermore, differences between the regenerative capacities of pediatric and adult lenses
may suggest a prolonged period of regeneration in adults (Lin et al.,2016). Therefore, more
investigation is based on in vitro lens culture. Here our purpose is related to studying of the
functional intercellular networks and signaling of Ca2+ LECs in association with lens
regeneration. Other challenges for adult lens regeneration may be the assessment of the
regenerative ability of LECs, tissue consistency, proliferation capacity, and capsular
thickness/elasticity. Currently, the only treatment for cataracts is to replace the cataractous
lens with an artificial IOL implant (Fig.4). However, this procedure carries identifiable risks
of complications.
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Figure 4: Posterior capsular opacification (PCO). Cataract surgery excises lens cells from the capsule
and implants an IOL. LECs left behind after surgery (grey) differentiate into myofibroblastic cells
through a transforming growth factor TGF-b2/Smad3-dependent, EMT. These cells produce
extracellular matrix such as collagen and fibronectin on the IOL. Residual LECs also differentiate into
lenticular fiber cells, expressing crystallins, resulting in the formation of Sommerring's ring around the
equator and Elschnig's pearl on the posterior capsule. These fibroblastic and lenticular fiber cells cause
opacification (Mochizuki and Masai, 2014).

2.5 Ca2+ SIGNALING IN THE LENS AND LECs
Since Ca2+ was identified as a second messenger, [Ca2+]i is involved in regulating numerous
cellular processes, including gene expression, proliferation and cell death (Gomperts
et al.,2009). There are two ways in which cells can increase the [Ca2+]i: firstly, by the release
of Ca2+ from internal Ca2+ containing stores and secondly, by increasing permeability to
extracellular Ca2+, and it is the regulation of these processes, both temporally and spatially, in
response to stimuli that is Ca2+ signaling. The ability of a simple ion such as Ca2+ to play a
pivotal role in cell biology results from the facility that cells have to shape Ca2+ signals in the
dimensions of space, time and amplitude (Bootman et al.,2001). Each cell type is likely to
possess a unique array of Ca2+ signaling components and for the lens, these are summarized in
Fig.5 (Rhodes and Sanderson, 2009). The [Ca2+]i homeostasis is the indicator of cellular
function (Andjelić et al.,2014).
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Figure 5: Summary of mechanisms of Ca2+ homeostasis and signaling in the lens (Rhodes and
Sanderson, 2009).

The role of intracellular Ca2+ as a signaling molecule is highly regulated and the [Ca2+] in the
cytoplasm is always less than in the extracellular environment. The Ca2+ concentration in the
humors surrounding the human lens is 1.34 mM (Ringvold et al.,1988) but the free [Ca2+]i
within the lens is orders of magnitude lower, varying from ≈ 100 nM in the epithelium (Riach
et al.,1995) to 0.5–1 μM in the innermost fiber cells (Duncan et al.,1989; Gao et al.,2004).
Lens cell membranes maintain a negative potential (Bassnett et al.,2017). To maintain the
status quo against such a large Ca2+ gradient, cells possess a variety of Ca2+ buffers, pumps,
and exchangers to keep [Ca2+]i low (Rhodes and Sanderson, 2009). Cells utilize two major
mechanisms to extrude Ca2+, the Na+/Ca2+ exchanger (NCX) and the plasma membrane Ca2+ATPase (PMCA). Both systems have been identified in the lens and have been shown to
regulate [Ca2+]i (Rhodes and Sanderson, 2009).
Upon elevated [Ca2+]i, their activity is complemented by the sarco(endoplasmic)reticulum
Ca2+-ATPase (SERCA) that fills the sarco-endoplasmic reticulum (SR/ER) Ca2+ store and to a
lesser extent, by the mitochondrial Ca2+ uniporter (mtCU) (Bagur and Hajnoczky, 2017). The
mitochondrial membrane potential is affected by Ca2+ efflux through the mitochondrial
matrix. Currently, the hypothesis allows for an explanation of cataract development, which is
based on two processes: an unregulated increase in Ca2+ influx, an impaired ability to remove
excess Ca2+ or both. The NCX plays a fundamental role in Ca2+ homeostasis and cell signaling
(Blaustein and Lederer, 1999). The real advantage of the NCX system is to work in both
directions and the condition of elevated intracellular Na+ or cellular depolarization, reversing
the mode i.e., bringing Ca2+ into the cell. There are three NCX isoforms (NCX 1-3, encoded
by SLC8A1-3 genes) but only NCX 1 has been detected in lens (Bassnett et al.,2017). The
presence of a NCX mechanism in the lens was first indicated in experiments using membrane
vesicles isolated from bovine lens fiber cells (Galvan and Louis, 1988). The kinetic pattern of
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[Ca2+]i in LECs is below the affinity of the NCX (0.6–6 μM), which means when [Ca2+]i was
elevated above resting levels following activation of G-protein-coupled receptors (GPCR),
inhibition of the transducer induced an amplified Ca2+ response in LECs (Okafor et al.,2003).
In epithelial cells, NCX regulated Ca2+ efflux only when intracellular Ca2+ is increased, vs in
the intact lens, where Ca2+ fluxes predominate through fiber cells, a large proportion of the
resting efflux is via NCX (Tomlinson et al.,1991). This shows that in fiber cells, NCX is
involved in regulating resting Ca2+ levels. Fiber cell Ca2+ homeostasis is highly significant in
terms of lens transparency and NCX inhibition results in Ca2+ overload and lens opacification
(Tomlinson et al.,1991; Tamiya and Delamere, 2006).
2.6 INTERCELLULAR CONNECTION OF LECs
Maintenance of coordinated activity between the cell populations in the tissue is very
important for the normal and optimal function of the organ or body. From all the numerous
processes and signal pathways, this study points to the Ca2+ signaling pathways in the form of
intercellular Ca2+ waves (ICWs). The speed and intensity of the ICWs depend on the initial
stimulus and the mechanism of signal transduction. Our experiment confirms the hypothesis
that mechanical stimulation leads toa rapid increase of [Ca2+]i, which propagates like a wave
from the mechanical stimulation cell to neighboring cells. A micropipette creates mechanical
pressure on the LEC cell membrane, which activates local changes such as opening Ca2+
channels of the plasmatic membrane, rising inositol triphosphate IP3 levels and releasing
ATP. The IP3 has affinity to bind with IP3 receptors (IP3Rs) and ryanodine receptors (RyRs)
on the endoplasmic reticulum (ER), leading to the release of Ca2+ from endoplasmic stores
(Comrie and Leonardo, 2018). The ER is a high-capacity reservoir for intracellular Ca2+.
There the ionic concentration gradient established through the ER membrane allows Ca2+ to
exit ER through one of several receptors/channels (IP3 receptor, rRyR, and leak channels)
(Stutzmann and Mattson, 2011). In contrast, Ca2+ ATPase transfers Ca2+ from the cytosol to
the SR/ER lumen via ATP hydrolysis (ATP-dependent active transport). The IP3 and other
messengers allow the ER network to function as an excitable system displaying regenerative
propagating cytoplasmic Ca2+ waves (Lam and Galione, 2013). Recently, Vainio et al., (2015)
have demonstrated computational models for a deeper understanding of Ca2+ activity. They
have a combined six essential Ca2+ signaling components into a model: stretch-sensitive Ca2+
channels (SSCCs), P2Y2 receptors, IP3Rs, RyRs, Ca2+ pumps, and gap junctions.
Their model explains Ca2+ signaling in human retinal pigment epithelial cell line (ARPE-19)
cells in three steps:
1) Cells near the stimulus site are likely to conduct Ca2+ through plasma membrane stretchsensitive Ca2+ channels (SSCCs) and gap junctions conduct the Ca2+ and IP3 between cells
further 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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The same researchers also studied cell connectivity and the influence of cell connectivity on
their communication. In a single cluster of confluent cells from the ARPE-19 cell line, a Ca2+
wave was transferred from a mechanically stimulated cell to all other cells in the cluster.
Shortly thereafter, an increase in fluorescence of the Fura-2 dye was also detected in cells that
were not physically cell-to-cell related to the cluster where the mechanically stimulated cell
was located. The percentage of response cells in non-confluent cell clusters was several times
smaller (Khamidakh et al.,2013).
In the study of signaling between LECs from lens cultures, we wanted to show if there is a
marked difference in signal pathway when mechanical stimulation was applied on confluent
and non-confluent LECs regions (Fig.6).

a

Figure 6: Mechanical stimulation LECs (adapted from Recek et al.,2016) a. confluent; b. nonconfluent region.

Early evidence for the existence of the paracine mechanism came from the ability of ICWs to
propagate across a cell-free zone (Hassinger et al.,1996). The authors also observed that
extracellular fluid flow could bias the direction of ICW propagation in the direction of flow.
In contrast, ICWs relying on gap junctions were shown not to be influenced by extracellular
fluid flow (Hansen et al.,1993). Subsequent research by the same authors showed that local
application of ATP evoked propagating Ca2+ waves in mouse cortical astrocytes.
In addition, Guthrie et al., (1999) have demonstrated that purinergic antagonists blocked
propagation of electrically evoked Ca2+ waves, indicating that eATP is required for normal
Ca2+ wave propagation in CNS.
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2.7 GAP JUNCTION AND AGONIST
The gap junctions play a crucial role in the intercellular transmission of signaling molecules,
which are formed by transmembrane proteins (called connexins) and allow the fluctuation of
nutrients and solutes through the lens (large molecules up to 1.2 kDa, due to their large pore
diameter). Six-connexin molecules form a hemichannel (spans across one cell on the plasma
membrane), while the gap-junction channel is associated with the docking of two
hemichannels. Most (but not all) of the cataract-associated connexin mutants characterized to
date do not form functional gap junction channels in exogenous expression system either
because they do not traffic properly (and consequently form very few, if any, gap junction
plagues) or because they form gap junction plaques that contain non-functional channels
(Beyer et al.,2013).
Variety of in vivo stimuli could trigger ICWs and the release of Ca2+ from internal stores. The
propagation of ICWs predominately involves cell communication with internal messengers
moving via gap junctions or extracellular messengers mediating paracrine signaling (Leybaert
and Sanderson, 2012). Interestingly, the gap junction based ICWs propagate from one cell to
the next, but these ICWs commonly utilize a helical heterogeneities pathway through multiple
cells. Gap junctions are critical to maintaining synchronized impulse propagation and
repolarization (Strom et al.,2010). The development and maintenance of transmural
electrophysiological gradients depends not only on ion channel heterogeneities intrinsic to
cellular layers, which span the transmural wall, but also the degree of intercellular coupling
between them (Leshet al.,1989; Van Veen et al.,2001).
As mentioned above, ICW propagation can occur through two main pathways: (i) direct
coupling via gap junction channels, allowing the passage of signaling molecules that can
mobilize intracellular Ca2+, like IP3, and (ii) indirect coupling via hemichannels, allowing
ATP to trigger a Ca2+ transient in adjacent cells through Ca2+ influx or to release Ca2+ from
intercellular stores (ER) (Leybaert and Sanderson, 2012).
Numerous extracellular stimuli including the mechanical stimulation lead to increased [Ca2+]i
through IP3-dependent signaling mechanisms, which consequently leads to the opening of
Cx43 hemichannels and the flux of ATP from the cytosol into the extracellular environment
(D'hondt et al.,2014). This allows the propagation of Ca2+ from the “stimulated cell” to
adjacent cells through activation of purinergic receptors (P2X and P2Y) and downstream IP3induced Ca2+ signaling (D'hondt et al.,2014).
In the literature, numerous chemical compounds are mentioned, named gap junction blockers.
Research still faces limitations of commonly used techniques or methods to assay the
molecular permeability of the junctional intercellular communication gap. CBX as gap
junction blocker, is a semisynthetic derivative of glycyrrhetinic acid (Marmolejo and Pérez,
2016). Romanello et al., (2003) showed that gap-junctional hemichannels are activated by low
extracellular Ca2+ concentrations and inhibited by 18 alpha-glycyrrhetinic acid. Generally,
CBX has an inhibitory effect on the GJIC, without transparent selectivity for subtypes of
connexin. Importantly, many gap junction inhibitors do not only inhibit connexin
hemichannels but also inhibit P2X purinoceptor 7 (Suadicani et al.,2006) and several other ion
channels (Bodendiek et al.,2010, Ye et al.,2009), therefore, these substances may affect the
ATP release and paracrine communication of ICWs. In our case in lens culture, apyrase
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decreased the extent of Ca2+ wave propagation, suggesting that ATP-mediated paracrine
stimulation contribute to cell-to-cell signaling (Romanello et al.,2003).
2.8 PARACRINE TRANSPORT AND SIGNALING
The gap junction and paracrine intercellular mechanisms are simultaneously active and may
act synergistically (Leybaert and Sanderson, 2012). Frequently, paracrine signaling
establishes a regenerative process to increase messenger (ATP) release. This is in contrast to
gap junctions, where ICWs follow a convoluted pathway through multiple cells due to the
delay of their heterogeneities. The paracrine-based ICWs frequently propagate in a more
homogeneous manner, that means they have the ability to propagate across cell-free zones due
to a lack of appropriate receptors in individual cells (Leybaert and Sanderson, 2012).
Interesting is the speed of propagation of ICWs, which in both mechanisms (paracrine and
gap-junction) is 10–20 µm/s.
To understanding the paracrine mechanisms in human LECs, we used apyrase as antagonist.
Apyrase is a highly active ATP-diphosphohydrolase that catalyzes the sequential hydrolysis
of ATP to ADP and ADP to AMP releasing inorganic phosphate. The release of endogenous
nucleotides represents a critical component for initiating a cascade signaling (Yegutkin,
2008). Fig.7 depicts the principal catalytic properties of members of the ecto-nucleoside
triphosphate diphosphohydrolase (E-NTPDase) family and of ecto-5′-nucleotidase. NTPDases
sequentially convert ATP to ADP + Pi and ADP to AMP + Pi. NTPDase1 is distinct among
these enzymes as it dephosphorylates ATP directly to AMP without the release of significant
amounts of ADP (Robson et al.,2005). The nucleotide release might occur through multiple
pathways, including non-excitatory tissues as well as epithelial cells. The epithelial cells have
been shown to release ATP transiently under various mechanical and other stimuli. Apyrase,
the enzyme that effectively removes ATP from the extracellular milieu, had no effect on
mechanically stimulated cells but severely restricted mechanically wounded Ca2+ wave
propagation (Isakson et al.,2001). ATP degrading apyrases are useful for exploring ATPbased ICWs and have well-defined specificity for ATP and ADP depending on the enzyme
subtype (Moerenhout et al.,2001). Consequently, a cocktail of apyrase enzymes with both
ATPase and ADPase activities has been used to efficiently remove ATP and prevent the
accumulation of ADP (Zimmermann et al.,2006).

Figure 7: Cell surface-located catabolism of extracellular nucleotides and potential activation of
receptors for nucleotides (P2 receptors) and adenosine (P1 receptors) (Robson et al.,2005).
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2.9 PRIMARY LEC CULTURES
Important approach in lens regeneration is stimulating the growth of LECs, while inhibiting
the growth of LECs is an important mechanism to prevent the development of PCO. Ex vivo
cultures of the LCs explants can be used for testing the pharmacological agents for
stimulating and inhibiting the growth of LECs (Andjelić, 2017). The responses to
pharmacological agents, their viability but also the metabolic functionality can be studied by
analyzing the intra- and intercellular Ca2+ signaling. Transforming growth factor β (TGFβ)
and FGF signaling pathways play important roles in the proliferation and differentiation of
LECs during development (Wang et al.,2004). Thus, TGFβ signaling regulates LECs
proliferation and differentiation but may appear epithelial-mesenchymal transitions that lead
to cataracts. LECs derived from human cataracts have been reported to produce various
cytokines and prostaglandin E2 (PGE2) in culture (Nishi et al.,1995). Cytokines function as
intercellular signals that regulate locally in an autocrine or paracrine manner, and at times
systemically, inflammatory host response. In our experiment the paracrine effect of apyrase,
which as a Ca2+-activated plasma membrane-bound enzyme, is certainly present and it has
been shown to reduce extracellular Ca2+ spread. In contrast to the LC, apyrase shows more
efficacy than CBX in the lens culture.
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3 MATERIAL AND METHODS
3.1 MATERIALS
Experiments were done on the aLC consisting of the monolayer of epithelial cells attached to
the basement membrane, i.e., the capsule matrix. The capsules were obtained routinely during
cataract surgery performed at the Eye Hospital, University Medical Centre (UMC), Ljubljana,
Slovenia. The research followed the tenets of the Declaration of Helsinki. The study was
approved by the National Medical Ethics Committee of the Republic of Slovenia and all
patients signed informed consent before the operation.
Altogether 38 lens capsules were used. The age of capsule donors ranged from 44 to 89 with
the average being 75 years; 10 were male and 28 female. All experiments were performed in
the research department experimental laboratory.
Laboratory equipment: computer for automatic microscope control, inverse microscope
(Axiovert S 100, Carl Zeiss), cooled CCD camera (PCO Imaging), filter changer Lambda LS
10-2, incubator (Innova CO - 48, Newbrunswick scientific), magnifier (Leica ZOOM 2000),
micropipette puller P-97 (Sutter Instrument Co.), pH meter, laboratory precision balance,
laminar chamber, refrigerators, freezer, harp, and other laboratory accessories.
Software: WinFluor V4.1.0 (64 bit), ImageJ, Python, C++, PhotoShop, SigmaPlot, Microsoft
Office.
3.2 METHODS OF WORK
This investigation aimed to determine the role of the human lens epithelium in cataract
development, and aLCs obtained from the operation of cataract and primary lens cell cultures
were used. Due to the different visibility of the lens, a fifth of the LCs used was stained with
gentiana violet dye during surgery. The use of gentiana did not affect results of the
experiments (Andjelić et al.,2014).
3.2.1 PREPARATION OF POSTOPERATIVE LENS CAPSULES
During surgery, each LC was transferred to a 1.5 ml microcentrifuge filled with 1 ml of
freshly prepared physiological solution. Its pH was previously adjusted using the pH meter to
7.24 with NaOH. The physiological solution was also used to wash the stained LCs and as a
medium during the recording of the experiments.
Biochemical composition of a physiological solution:
Substance
Concentration

NaCl

KCl

MgCl2

NaH2PO4

NaHCO3

CaCl2

HEPES

Glucose

131.8mM

5mM

2mM

0.5mM

2mM

1.8mM

10mM

10mM
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3.2.2 Capsule preparation
All samples were obtained from single patients and were placed in microcentrifuge tubes with
physiological solution. Immediately after isolation, the LCs were transported from the
operating room to the research department in the same building. There they were stored in a
laboratory laminar chamber at room temperature until use. The time from surgery to the onset
of staining with Fura-2 varied from 1 h to 2 h. The times from surgery to the start of the
recording of the experiment also varied: from 2.30 h to 6.30 h. The experiments were carried
out on the same day due to the sensitivity of the material. The LCs were transferred from
microcentrifuges tubes to a plastic petri dish (diameter: 3.5 cm) filled with 3 ml of fresh
physiological solution. The capsules were loaded with the acetoxymethyl (AM) ester of Fura2 (Fura-2 AM; Invitrogen – Molecular Probes, Carlsbad, CA, USA). For loading, Fura-2 in
DMSO was suspended in 3 ml fresh physiological solution to a final concentration of 2 μm.
Fura-2 is a specific Ca2+ dye as it binds to free Ca2+ and fluoresces. Esterase within the LECs
cleaves the side ester chain of the dye, leaving it trapped in the cells (Rhodes and Sanderson,
2009). The loading was done in the incubator at 37°C and 5% CO2 for 30 min. After loading,
the capsules were washed twice per 10 min with fresh physiological solution. The capsules
were then transferred to the plastic glass-bottom petri dishes (Mattek Corp., Ashland, MA,
USA; 3.5 cm in diameter), filled with 2.5 ml of bath solution with physiological solution (in
mM): (NaCl 131.8, KCl 5, MgCl2 2, NaH2PO4 0.5, NaHCO3 2, CaCl2 1.8, HEPES 10, glucose
10), pH 7.24. The grid also flattened the capsule, which was necessary for the optical
recording. The orientation of the capsule was with the basement membrane to the bottom, so
the agonist could easily diffuse to the cells without having to cross the barrier of the basement
membrane. The petri dish with the immobilized capsule was then mounted on the inverted
microscope Zeiss Axiovert S 100 (Carl Zeiss, AG, Oberkochen, Germany). Petri dishes with
glass bottoms (Fig.9) were used, as because of the optical properties of glass, they are more
suitable for microscopy compared to plastic petri dishes.
3.2.3 Stimulus application
To evoke responses of epithelial cells we used mechanical stimulation and to study the
mechanisms involved in signal propagation we used local applications of antagonists.
Apyrase, 3 µl in 2.5 ml physiological solution was added to the control after mechanical
stimulation. The incubation lasted 30 minutes and then again the LECs were stimulated
mechanically with a micropipette. In the other case, a second, CBX, antagonist was added, 2
µl to 2.5 ml physiological solution. The incubation time was about 15 min and was followed
by mechanical stimulation. Application of the antagonists in lens culture experiments was
performed in reversed order, where CBX was added first and apyrase second.
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3.2.4 Recording of the experiment
The glass-bottom petri dish was transferred under a magnifying glass (Leica Zoom 2000),
where, using tweezers, LC was planarly positioned by i.e., "Harp - like grid". "Harp" is a Ushaped wire made of platinum filament to which strings are attached in parallel, as shown in
Fig.8. Its ("Harp") size is approximately 1 cm x 1 cm.

Figure 8: A. Harp with strings

B. view under the microscope

The planar positioning of the concave LC is necessary due to the optical properties of the
recording. In this way, the LC is turned down with the basement membrane, allowing the
exposure of epithelial cells in solution and mechanical stimulation. At the same time, it
prevents its further movement. The petri dish was then placed under a Zeiss Axiovert S 10
invert microscope. A glass micropipette was mounted on a microscope with an MP-285
micromanipulator (Sutter, Novato, CA, USA). It was previously made by pulling a glass
capillary (No. TW150F-3, World Precision Instruments, USA) on a micropipette puller (P-97,
Sutter Instrument, CA, USA) with well-defined settings (Fig.10). Before use, the tip of the
glass micropipette was thermally polished (Micro-Forge, MF-200, World Precision
Instruments, USA) until rounded.

Figure 9: Petri dish with a glass bottom and harp in the center.

After the preparation, the glass micropipette was moved using a micromanipulator,
magnification 40 × and 63 × (immersion oil) objectives and a SensiCam cooled CCD camera
was used for recording. 340 nm excitation filter was used to detect and observe stained cells.
Both 340 nm and 387 nm filters were mounted on a Lambda LS 10-2 filter changer. The
changes in Ca2+ concentration in the cytoplasm of cells were monitored as a 340/387 ratio.
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Figure 10: Micropipette-puller P-97.

The monitoring of intracellular changes in Ca2+ concentration is due to the different excitatory
properties of the Fura-2 dye. The dye has two absorption peaks (340 nm and 387 nm), an
isosbestic point at 360 nm and one emission threshold at 510 nm. Absorption and
fluorescence vary according to Ca2+ binding: low [Ca2+] and - high absorption at 387 nm, high
[Ca2+] and - high absorption at 340 nm, while absorption at 360 nm is independent of Ca2+. It
is these absorption properties of the dye that enable 340/387 recording, which significantly
reduces the effect of uneven cell staining, color fading, as well as the difficulty of measuring
[Ca2+] and indifferently thick cells (Andjelić et al., 2011a). Due to the sensitivity of Fura-2 to
the light, all experiments were recorded in the dark. For the dye to fluoresce well from the
cells, the cells had to be adherent and intact. Before recording, we found a suitable LC region
to perform mechanical stimulation. The experiments were computer-controlled in WinFluor
V4.1.0 (64 bit; author: J. Dempster, University of Strathclyde, Glasgow, UK). Each trial
lasted 112.5 seconds, respectively, 224 pictures. The images were stored in the program every
500 ms, thus capturing at 1 Hz time resolution (340 nm and 387 nm recording alternating).
After about fifteen seconds, using a glass micropipette micromanipulator, we mechanically
stimulated the epithelial cell (s) in the middle of the field of view. Spatial changes in the
intracellular Ca2+ concentration in response to a mechanical stimulus were recorded in
mechanically stimulated cells and other cells in the visual field.
3.3 LENS CULTURE/ADHERENCE BY VISCOELASTIC MATERIAL
Ex vivo cultures of LCs explants were grown from aLCs obtained from cataract surgery. For
culturing, 8 LCs from cataracts patients of both sexes, 2 male and 6 female, aged 58-85
(average 75 years) were used. All 8 lens cultures were analyzed and divided by type: i) 4 LCs
were nuclear and cortical (N+C) of which 2 LCs were 9 days, 1 was 14 days and 1 was 13
days grown in DMEM medium; ii) 2 LCs were cortical (C) (8 and 11 days) and iii) 2 LCs
were nuclear (N) (8 and 9 days).
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3.3.1 Preparation and planting of lens cultures
Primary lens cultures were grown from postoperative aLCs. After the surgery, each LC was
transferred to a 1.5 ml microcentrifuge filled with 1 ml of freshly prepared physiological
solution. The microcentrifuges were then transferred to a laboratory where they were stored in
a laminar chamber at room temperature until use. For obtaining adherent conditions, we used
viscoelastic, which flattens the LC to the bottom of the petri dish. First careful removal of the
remaining medium from the LC was performed by a micropipette, and then viscoelastic
(HEALON OVD, Abbott Medical Optics, USA) was added on top of the explant to allow for
flattening or "ironing" of the tissue onto the surface of the petri dish (Fig.11).
For ex vivo cultivation under adherent conditions, DMEM (Dulbecco's Modified Eagle
Medium): F12 supplemented with 10% Fetal calf serum (FCS) and 1% antibiotics was then
added slowly with a micropipette not to disturb or remove the viscoelastic cover on top of the
explants. The micropipette tip was positioned close to the culture dish surface but far away
from the explant, so that the medium arrived softly in contact with the viscoelastic and did not
move the explant from its location. The culture dishes were then kept in a CO2 incubator
(Innova CO-48; New Brunswick Scientific, Edison, NJ, USA) at 37˚C and 5% CO2. The
culture dish was kept in the incubator without moving for 2-3 days to allow the cells to attach
and start proliferating out of the explant. During medium change (two times a week), the
medium was removed gently and a fresh one was added subsequently by a micropipette from
the opposite side of the explant in the dish, the pipette tip being close to the surface of the dish
all the time. The viscoelastic dissolved in the medium over time and got replaced by new
medium - time by which the explant was fully attached to the surface of the culture dish. To
this end, a method for attaching explants using viscoelastic was developed at the Eye Clinic,
as shown in Fig.11 (Andjelić et al.,2015a).

Figure 11: Method for adherent ex vivo cultivation of human eye tissue explants in a cell culture
petri dish (Andjelić et al.,2015a).

The migration of LECs from ex vivo explants LCs in a petri dish and their subsequent growth
and spread represents a successful cultured lens culture. The growth of individual ex vivo
cultured LC explants was monitored regularly. Twice a week, the growth of lens cultures was
observed with an inverted microscope and lens cultures were washed with fresh medium
carefully.
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After 3-4 days of cultivation, we were able to observe successfully fixed LCs and the onset of
LECs migration. The LECs spread over the LC surface over time and migrate to the glass
surface of the petri dish.

Figure 12: Lens epithelial cells (LECs) growth on a cultured human anterior portion of the lens
capsule explant and onto a petri dish followed by light microscopy. Eight days old lens culture and
stained with Fura-2 (10x magnification) (A) confluent region (B) non-confluent region.

The LECs have grown successfully and spread over the surface of the petri dish, forming
different connections with each other. In our experiment, we were interested in studying
intercellular connection and their formation. It is noteworthy that LECs grown in a primary
lens culture are larger than LECs from freshly isolated postoperative tissue. Two areas of
LECs can be distinguished morphologically, namely confluent (Fig.12A) and non-confluent
(Fig.12B). Non-confluent cells are much larger than confluent cells. We identified as
confluent areas those that eventually formed a dense growth of LECs, and non-confluent areas
where LECs grew sparse.
In order to better understand the functioning of LECs, according to our primary goals, we
repeated the same treatment in ex vivo lens cultures. For this purpose, they were mechanically
stimulated according to the mechanical stimulation protocol described in Chapter 3.2.3. We
then analyzed measurements showing a change in [Ca2+]i, similar to that of postoperative
aLCs.
3.4 DATA PROCESSING
Computer analyzes of the videos were made after the end of the recording of the experiments.
In WinFluor V4.1.0 (64 bit, author: J. Dempster, University of Strathclyde, Glasgow, UK), we
manually selected individual cells of interest for real-time Ca2+ dynamics. We also exported
TIFF image batches as well as 340/387 aspect ratio for further work in ImageJ (US National
Institutes of Health, Bethesda, MD). For practical reasons, ImageJ tagged all Regions Of
Interest (ROIs) in the field of view.
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3.4.1 Analysis of the temporal profiles of [Ca2+]i changes in LECs
The specific Ca2+ dynamics for all ROIs was analyzed and implemented by custom made inhouse scripts in C/C++ and Python software. Tools to measure the concentration of [Ca2+]i in
the cytoplasm have used fluorescence 340/387 nm ratio. To characterize Ca2+ specific
signaling in LEC we selected three characteristic signaling parameters, as visualized in
Fig.13: i) The response time of target cells-tres,i (time) at which Ca2+ concentration in the i-th
cell starts to increase; ii) tmax,i time at which the maximum amplitude of [Ca2+]i was reached;
iii) thalf,i represents half the decay time, that is, the time required for Ca2+ concentration to fall
bellow 50% of the maximum value at time tmax,i. These three times were used to evaluate Ca2+
signaling characteristics via activation time ∆tact,i=tmax,i – tres,i, i.e. the interval in which Ca2+
concentration is increasing, and over the duration of the signal ∆tdur,i=thalf,i – tres,i, similar as
proposed by Gosak et al., (2015).
In our analyses, we focused primarily on the features of Ca2+ signaling with respect to the
distance from the point of mechanical stimulation. In particular, we calculated the average
Ca2+ signaling characteristics within 25 µm thick concentric rings (annuluses), centered at the
point of mechanical stimulation, as shown in Fig.13. The difference between two neighboring
larger and smaller rings was always 25 µm. The same approach is presented in Gosak et al.,
(2020), as illustrated in Fig.13.

Figure 13: Assessing the spatio-temporal Ca2+ activity in LECs.The left image represents an image of
the lens epithelium imaged under a 360 nm excitation filter. The orange dots indicate the centers of the
selected LECs (i.e., ROIs). Yellow circles represent concentric regions, each on 25 μm further away
from the site of mechanical stimulation indicated by the yellow-orange star in the center. On the right
image, we track the time course of changes in [Ca2+] and (340/387 ratio) in all LECs of the field of
view. Vertical lines (right image) and arrows indicate the corresponding time parameters for each
LEC. First vertical line indicating response time - tres, middle line - maximum amplitude reaching time
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- tmax and last line - half falling time - thalf. The arrows indicate the activation time - Δtact and the
duration of the signal - Δtdur.

3.5 STATISTICAL ANALYSIS
To test if any significant differences exist among the extracted quantities between cells
belonging to specific samples, we performed the one-way ANOVA with the Bonferroni test.
We used a predetermined upper limit of probability for statistical significance throughout this
investigation with P ≤ 0.05. The analysis was performed using SigmaPlot (Systat Software,
San JOSE, CA).
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4 RESULTS
We systematically analyzed the intercellular Ca2+ signaling after local mechanical stimulation,
i.e. control experiment, and then after adding apyrase or/and CBX and their effect on the
aLECs, comparing the characteristics of the Ca2+ signals with respect to the cataract type and
degree of cataracts development.
4.1 POSTOPERATIVE LENS CAPSULES
The results of postoperative LCs are based on analysis after local mechanical stimulation with
and without previously added antagonists performed on 38 LCs from different patients aged
44 to 89 years (average 75 years). In total 78 experiments were analyzed, devided by cataract
types: i) 22 cortrical (C); ii) 37 nuclear (N) and iii) 19 nuclear and cortical cataracts (N+C).
For more systematically classification we separated them into 4 categories, namely 37 control
samples, 15 treated with apyrase, 15 treated with CBX and 10 samples treated with both
antagonist, apyrase and CBX (see Fig.14A).
Regarding the rates of cataract development, we divided LCs in two groups mild (I-II) and
moderate (III-IV) (Fig.14B). From a total number of 38 LCs: i) 8 were cortical (C) capsules, 7
of them were mild cataracts and 1 moderate; ii) 14 nuclear (N) capsules, among them 7 mild
cataracts and 7 moderate; iii) 9 nuclear and cortical cataracts (N+C), 7 of which were mild
cataract and 2 moderate cataracts. For the remaining 7 capsules we did not receive data from
surgery.
Below we present four different combination treatments to different types of cataracts in order
to consider in detail and understand the specific characteristics and their response to the added
pharmacological antagonists, between the different types and the degree of cataracts
development.

Figure 14: Diagram of total samples analyzed of lens capsules categorized by treatment with added
antagonists in different types of cataracts (A) and cataract progression rate by cataracts type (B).
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Fig.15 shows the spatio-temporal pattern of Ca2+ response in the lens epithelium of cortical
cataracts (C), after local mechanical stimulation. This represents a control experiment. First,
the lenticular epithelium from the aLC is shown, imaged under 63x magnification with a 387
nm excitation filter. Human postoperative aLC’s LEC was mechanically stimulated with a
micropipette in the middle of the visual field, indicated by a black x. Changes in Ca2+
concentration in cells were monitored using fluorescent dye Fura-2. In response to mechanical
stimulation, there is a transient increase in Ca2+ in selected LECs that propagates radially
outward from the stimulation site in the form of a Ca2+ wave. Due to the signal propagation,
more distant cells respond with a delay. Moreover, it seems that with increasing distance from
the stimulation site features of intracellular Ca2+ signals change as well, namely the
amplitude, duration and slope of the Ca2+ signal increase, as we will address in more detail in
continuation.

Figure 15: Spatio-temporal changes of Ca2+ response in LECs from a cortical cataracts (C), after local
mechanical stimulation – control experiment. The upper left image shows the selected LECs - Regions
of Interest (ROIs) that designate individual LECs, superimposed on the aLC image recorded with 340
nm. The black x is a site of mechanical stimulation. The time changes of [Ca2+]i for the four labeled
LECs are shown at the top right, the selected ROIs are indicated in the same colors as on the upper left
panel. The 8 panеls bellow represent a series of 340/387 ratio images and show the spatio-temporal
changes in Ca2+ concentration at selected times. Red indicates the highest Ca2+ concentration, blue the
lowest, and yellow and green are intermediate.
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Mechanical stimulation was again performed on the same LC but different region, after added
apyrase and incubation for 30 min. The result of this experiment is presented in Fig.16. We
received a similar response as in the first case without the antagonist added. The signal again
propagated radially outward from the stimulation site in a very similar manner as in the
control experiment shown in Fig.15.

Figure 16: Spatio-temporal changes of Ca2+ response in LECs from a cortical cataracts (C), after local
mechanical stimulation with added apyrase. The upper left image shows the selected LECs - Regions
of Interest (ROIs) that designate individual LECs, superimposed on the aLC image recorded with 340
nm. The black x is a site of mechanical stimulation. The time changes of [Ca2+]i for the four labeled
LECs are shown at the top right, the selected ROIs are indicated in the same colors as on the upper left
panel. The 8 panеls bellow represent a series of 340/387 ratio images and show the spatio-temporal
changes in Ca2+ concentration at selected times. Red indicates the highest Ca2+ concentration, blue the
lowest, and yellow and green are intermediate.

We were also interested in the joint response of apyrase and CBX, so we incubated the same
LECs that have already been treated with apyrase, an additional 15 min with CBX. The result
of mechanical stimulation on the same LC is shown (different region) in Fig.17. We followed
changes in Ca2+ in LECs as in the previous two cases. It shows the spatio-temporal patterns of
Ca2+ responses in the lens epithelium after local mechanical stimulation. Ca2+ rises very slow
and does not propagate across the whole tissue slice.
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Figure 17: Spatio-temporal changes of Ca2+ response in LECs from a cortical cataracts (C), after local
mechanical stimulation with added apyrase and then CBX. The upper left image shows the selected
LECs - Regions of Interest (ROIs) that designate individual LECs, superimposed on the aLC image
recorded with 340 nm. The black x is a site of mechanical stimulation. The time changes of [Ca2+]i for
the four labeled LECs are shown at the top right, the selected ROIs are indicated in the same colors as
on the upper left panel. The 8 panеls bellow represent a series of 340/387 ratio images and show the
spatio-temporal changes in Ca2+ concentration at selected times. Red indicates the highest Ca2+
concentration, blue the lowest, and yellow and green are intermediate.

We were also interested to investigate the Ca2+ response of aLC’s LECs of nuclear cataract
(N) after mechanical stimulation in the control experiment and after subsequent application of
apyrase and CBX. The following figures show the spatio-temporal patterns of Ca2+ response
in the lens epithelium of nuclear cataracts (N; Fig.18) as the control then treatment with
apyrase (Fig.19), and both apyrase and CBX (Fig.20) as antagonists, after local mechanical
stimulation.
Fig.18 shows the spatio-temporal pattern of Ca2+ response in the lens epithelium of nuclear
cataracts (N), after local mechanical stimulation – control experiment. The result was very
similar to the one observed in the lens epithelium of the cortical cataract (see Fig.15): in
response to mechanical stimulation, there is a transient increase in Ca2+ in selected LECs that
propagates radially outward from the stimulation site in the form of a Ca2+ wave and the
signaling parameters seem to change with increasing distance from the stimulation site.
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Figure 18: Spatio-temporal changes of Ca2+ response in LECs from a nuclear cataracts (N), after local
mechanical stimulation – control experiment. The upper left image shows the selected LECs - Regions
of Interest (ROIs) that designate individual LECs, superimposed on the aLC image recorded with 340
nm. The black x is a site of mechanical stimulation. The time changes of [Ca2+]i for the four labeled
LECs are shown at the top right, the selected ROIs are indicated in the same colors as on the upper left
panel. The 8 panеls bellow represent a series of 340/387 ratio images and show the spatio-temporal
changes in Ca2+ concentration at selected times. Red indicates the highest Ca2+ concentration, blue the
lowest, and yellow and green are intermediate.

Mechanical stimulation was again performed on the same LC but different region, after added
apyrase and incubation for 30 min. The result of mechanical stimulation is shown in Fig.19. A
very similar response was observed as in the first case without the antagonist added. The
signal propagates radially outward from the stimulation site, and also the Ca2+ signal
characteristics change a bit with distance only the response of the Ca2+ rise is delayed.
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Figure 19: Spatio-temporal changes of Ca2+ response in LECs from a nuclear cataracts (N), after local
mechanical stimulation with added apyrase. The upper left image shows the selected LECs or Regions
of Interest (ROIs) that designate individual LECs, superimposed on the aLC image recorded with 340
nm. The black x is a site of mechanical stimulation. The time changes of [Ca2+]i for the four labeled
LECs are shown at the top right, the selected ROIs are indicated in the same colors as on the upper left
panel. The 8 panеls bellow represent a series of 340/387 ratio images and show the spatio-temporal
changes in Ca2+ concentration at selected times. Red indicates the highest Ca2+ concentration, blue the
lowest, and yellow and green are intermediate.

We were also interested in the joint response of apyrase and CBX, so we incubated the same
LECs that have already been treated with apyrase, an additional 15 min with CBX. We
followed changes in Ca2+ and LECs as in the previous two cases. Fig.20 shows the spatiotemporal patterns of Ca2+ responses in the lens epithelium after local mechanical stimulation.
As in the case with the LC from the cortical cataract, no notable Ca2+ wave propagation is
observed and cells proximal to the stimulation site get activated.
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Figure 20: Spatio-temporal changes of Ca2+ response in LECs from a nuclear cataracts (N), after local
mechanical stimulation with apyrase and then CBX. The upper left image shows the selected LECs Regions of Interest (ROIs) that designate individual LECs, superimposed on the aLC image recorded
with 340 nm. The black x is a site of mechanical stimulation. The time changes of [Ca2+]i for the four
labeled LECs are shown at the top right, the selected areas are indicated in the same colors as on the
upper left panel. The 8 panеls bellow represent a series of 340/387 ratio images and show the spatiotemporal changes in Ca2+ concentration at selected times. Red indicates the highest Ca2+ concentration,
blue the lowest, and yellow and green are intermediate.

In both cases, cortical and nuclear cataracts, in response to mechanical stimulation, transient
increases in Ca2+ occur in LECs, propagating radially outward from the injection site. As a
result, more distant cells respond with a delay. At the same time, the amplitude, duration and
slope of the Ca2+ signal seem to increase with increasing distance from stimulation. The
observed behavior seems to be the same in control experiments and in experiments after
incubation with apyrase. In contrast, addition of CBX gradually reduced Ca2+ signal
propagation across the lens epithelium.
In Fig.22 is shown the effect of CBX antagonist separately, without apyrase, on LC with
nuclear (N) cataract. We first show the spatio-temporal patterns of Ca2+ response in the lens
epithelium of nuclear cataracts (N) after mechanical stimulation as the control experiment
(Fig.21); then the same LC after it was incubated with CBX for 15 min (Fig.22).
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Figure 21: Spatio-temporal changes of Ca2+ response in LECs from a nuclear cataracts (N), after local
mechanical stimulation – control experiment. The upper left image shows the selected LECs - Regions
of Interest (ROIs) that designate individual LECs, superimposed on the aLC image recorded with 340
nm. The black x is a site of mechanical stimulation. The time changes of [Ca2+]i for the four labeled
LECs are shown at the top right, the selected ROIs are indicated in the same colors as on the upper left
panel. The 8 panеls bellow represent a series of 340/387 ratio images and show the spatio-temporal
changes in Ca2+ concentration at selected times. Red indicates the highest Ca2+ concentration, blue the
lowest, and yellow and green are intermediate.

The result of mechanical stimulation performed on the same LC but different region, after
added CBX and incubation for 15 min is shown in Fig.22. The signal propagates slowly, the
Ca2+ rise response is delayed and almost insignificant suggesting that CBX gradually affects
Ca2+ signal propagation. The same LC was not able to be treated first with CBX and then with
apyrase, because of the high toxicity of CBX, which after 40 min begins to destroy the
signaling pathway in the LCs.
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Figure 22: Spatio-temporal changes of Ca2+ response in LECs from a nuclear cataracts (N), after local
mechanical stimulation with added CBX. The upper left image shows the selected LECs - Regions of
Interest (ROIs) that designate individual LECs, superimposed on the aLC image recorded with 340
nm. The black x is a site of mechanical stimulation. The time changes of [Ca2+]i for the four labeled
LECs are shown at the top right, the selected areas are indicated in the same colors as on the upper left
panel. The 8 panеls bellow represent a series of 340/387 ratio images and show the spatio-temporal
changes in Ca2+ concentration at selected times. Red indicates the highest Ca2+ concentration, blue the
lowest, and yellow and green are intermediate.

Fig.23 shows the spatio-temporal pattern of Ca2+ response in the lens epithelium cortical
cataracts (C), after local mechanical stimulation in a control experiment. In response to
mechanical stimulation, we see a transient increase in Ca2+ in selected LECs that propagates
radially outward from the stimulation site in the form of a Ca2+ wave. Due to the propagation
signal, more distant cells respond with a delay. Moreover, the majority of LECs were
activated.
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Figure 23: Spatio-temporal changes of Ca2+ response in LECs from a cortical cataracts (C), after local
mechanical stimulation – control experiment. The upper left image shows the selected LECs - Regions
of Interest (ROIs) that designate individual LECs, superimposed on the aLC image recorded with 340
nm. The black x is a site of mechanical stimulation. The time changes of [Ca2+]i for the four labeled
LECs are shown at the top right, the selected ROIs are indicated in the same colors as on the upper left
panel. The 8 panеls bellow represent a series of 340/387 ratio images and show the spatio-temporal
changes in Ca2+ concentration at selected times. Red indicates the highest Ca2+ concentration, blue the
lowest, and yellow and green are intermediate.

Mechanical stimulation was again performed on the same LC but different region, after added
apyrase and incubation for 30 min. The result of mechanical stimulation is shown in Fig.24.
We received a similar response as in the first case without the antagonist added. The signal
propagates radially outward from the stimulation site, and also the Ca2+ signal characteristics
change with distance only the response of the Ca2+ rise is delayed. Thus, apyrase
insignificantly blocked Ca2+ propagation and delayed response insiginificantly.
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Figure 24: Spatio-temporal changes of Ca2+ response in LECs from a cortical cataracts (C), after local
mechanical stimulation with added apyrase. The upper left image shows the selected LECs - Regions
of Interest (ROIs) that designate individual LECs, superimposed on the aLC image recorded with 340
nm. The black x is a site of mechanical stimulation. The time changes of [Ca2+]i for the four labeled
LECs are shown at the top right, the selected ROIs are indicated in the same colors as on the upper left
panel. The 8 panеls bellow represent a series of 340/387 ratio images and show the spatio-temporal
changes in Ca2+ concentration at selected times. Red indicates the highest Ca2+ concentration, blue the
lowest, and yellow and green are intermediate.

For a more accurate representation of the spatio-temporal Ca2+ response, we have compiled
color-coded signaling parameter values for each individual LC used in the analysis shown
above. The following Fig.25 is representation of color-coded images which corresponds to
Fig.15; Fig.26 corresponds to Fig.16; Fig.27 corresponds to Fig.17, etc. Common to Fig.15,
Fig.16 and Fig.17 is that they belong to the same cortical cataract LC and the experiment was
performed in the different region. Each color dot represents an ROI, individual LECs, or its
center, while color indicates the value of a given parameter: Δtres response time, Δtact
activation time, Δtdur signal duration, and relative amplitudes.
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Figure 25: Visualisation of the temporal-spatial activity of LECs in LC of cortical cataract (C) in the
control experiment (results correspond to the recording in Fig.15). The dots represent the center of the
LECs and are color-coded according to: A) response time Δtres, B) activation time Δtact, C) signal
duration Δtdur, D ) the relative amplitude of the Ca2+ signal. The value of each parameter is determined
by the color scale next to each image, where blue is the lowest and red is the highest, as specified by
individual colorbars. This indicates that all cells are activated after mechanical stimulation and their
relative amplitude decreases nearly linear with increasing distance from the stimulation site. In each
panel, the right figure shows the circular average of all cells within the given annulus (see Fig.13).

Figure 26: Visualisation of the temporal-spatial activity of LECs in LC of cortical cataract (C) after
added apyrase (results correspond to the recording in Fig.16). The dots represent the center of the
LECs and are color-coded according to: A) response time Δtres, B) activation time Δtact, C) signal
duration Δtdur, D) the relative amplitude of the Ca2+ signal. The value of each parameter is determined
by the color scale next to each image, where blue is the lowest and red is the highest, as specified by
individual colorbars. This indicates that all cells are activated after mechanical stimulation and their
relative amplitude decreases nearly linear with increasing distance from the stimulation site. In each
panel, the right figure shows the circular average of all cells within the given annulus (see Fig.13).
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Figure 27: Visualisation of the temporal-spatial activity of LECs in LC of cortical cataract (C) after
added apyrase and CBX (results correspond to the recording in Fig.17). The dots represent the center
of the LECs and are color-coded according to: A) response time Δtres, B) activation time Δtact, C)
signal duration Δtdur, D) the relative amplitude of the Ca2+ signal. The value of each parameter is
determined by the color scale next to each image, where blue is the lowest and red is the highest, as
specified by individual colorbars. Black dots indicate unactivated cells. It showed that less than half of
the cells are inactive after the mechanical stimulation and their amplitudes show a sharp decline after
the induced stimulus. In each panel, the right figure shows the circular average of all cells within the
given annulus (see Fig.13).

In our analysis shown below, we compared the features of Ca2+ signals in individual cells, in
terms of synchronized activations, spatio-temporal grouping and the nature of intercellular
communication between LECs for examples of nuclear cataract. The following Fig.28 is
representation of color-coded images which corresponds to Fig.18; Fig.29 corresponds to
Fig.19; Fig.30 corresponds to Fig.20. Common to Fig.19, Fig.20 and Fig.21 is that they
belong to the same LC and the experiment was performed in the different region. Each color
dot represents an individual LECs or its center on the lens epithelium, while color indicates
the value of a given parameter: Δtres response time, Δtact activation time, Δtdur signal duration,
and relative amplitudes.
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Figure 28: Visualisation of the temporal-spatial activity of LECs in LC of nuclear cataract (N) in the
control experiment (results correspond to the recording in Fig.18). The dots represent the center of the
LECs and are color-coded according to: A) response time Δtres, B) activation time Δtact, C) signal
duration Δtdur, D) the relative amplitude of the Ca2+ signal. The value of each parameter is determined
by the color scale next to each image, where blue is the lowest and red is the highest, as specified by
individual colorbars. This indicates that all cells are activated after mechanical stimulation and their
relative amplitude decreases nearly linear with increasing distance from the stimulation site. In each
panel, the right figure shows the circular average of all cells within the given annulus (see Fig.13).

Figure 29: Visualisation of the temporal-spatial activity of LECs in LC of nuclear cataract (N) with
added apyrase (results correspond to the recording Fig.19). The dots represent the center of the LECs
and are color-coded according to: A) response time Δtres, B) activation time Δtact, C) signal duration
Δtdur, D) the relative amplitude of the Ca2+ signal. The value of each parameter is determined by the
color scale next to each image, where blue is the lowest and red is the highest, as specified by
individual colorbars. This indicates that all cells are activated after mechanical stimulation and their
relative amplitude decreases nearly linear with increasing distance from the stimulation site. In each
panel, the right figure shows the circular average of all cells within the given annulus (see Fig.13).

39
Spasovska E. The mechanisms of Ca2+ signaling in human lens epithelial cells upon mechanical stimulation.
M. Sc. Thesis. Ljubljana, Univ. of Ljubljana, Biotechnical Faculty, Academic Study in Molecular and Functional Biology, 2020

Figure 30: Visualisation of the temporal-spatial activity of LECs in LC of nuclear cataract (N) after
added apyrase and CBX (results correspond to the recording in Fig.20). The dots represent the center
of the LECs and are color-coded according to: A) response time Δtres, B) activation time Δtact, C)
signal duration Δtdur, D) the relative amplitude of the Ca2+ signal. The value of each parameter is
determined by the color scale next to each image, where blue is the lowest and red is the highest, as
specified by individual colorbars. Black dots indicate unactivated cells. It showed that only few cells
are activated after mechanical stimulation and their amplitudes show a sharp decline after the induced
stimulus therefore showed relatively low amplitudes. In each panel, the right figure shows the circular
average of all cells within the given annulus (see Fig.13).

The Fig.31 is representation of color-coded images for nuclear cataract as control and
corresponds to Fig.21, while Fig.32 corresponds to Fig.22, effect after added CBX. The
Fig.21 is related to Fig.22 because they belong to the same LC and the experiment was
performed in the different region. Each color dot represents an individual LECs or its center
on the lens epithelium, while color indicates the value of a given parameter: Δtres response
time, Δtact activation time, Δtdur signal duration, and relative amplitudes.
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Figure 31: Visualisation of the temporal-spatial activity of LECs in LC of nuclear cataract (N) in the
control experiment (results correspond to the recording in Fig.21). The dots represent the center of the
LECs and are color-coded according to: A) response time Δtres, B) activation time Δtact, C) signal
duration Δtdur, D) the relative amplitude of the Ca2+ signal. The value of each parameter is determined
by the color scale next to each image, where blue is the lowest and red is the highest, as specified by
individual colorbars. This indicates that all cells are activated after mechanical stimulation and their
relative amplitude decreases nearly linear with increasing distance from the stimulation site. In each
panel, the right figure shows the circular average of all cells within the given annulus (see Fig.13).

Figure 32: Visualisation of the temporal-spatial activity of LECs in LC of nuclear cataract (N) after
added CBX (results correspond to the recording in Fig.22). The dots represent the center of the LECs
and are color-coded according to: A) response time Δtres, B) activation time Δtact, C) signal duration
Δtdur, D ) the relative amplitude of the Ca2+ signal. The value of each parameter is determined by the
color scale next to each image, where blue is the lowest and red is the highest, as specified by
individual colorbars. It showed that half of the cells are deactivated after mechanical stimulation while
the amplitudes are nearly liner but did not decrease as fast as in the previous cases where both
antagonists were added. In each panel, the right figure shows the circular average of all cells within the
given annulus (see Fig.13).
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The Fig.33 is representation of color-coded images for cortical cataractas control and
corresponds to Fig.23, while Fig.34 corresponds to Fig.24, after added apyrase. The Fig.23 is
related to Fig.24 because they belong to the same LC and the experiment was performed in
the different region. Each color dot represents an individual LECs or its center on the lens
epithelium, while color indicates the value of a given parameter: Δtres response time, Δtact
activation time, Δtdur signal duration, and relative amplitudes.

Figure 33: Visualisation of the temporal-spatial activity of LECs in LC of cortical cataract (C) in the
control experiment (results correspond to the recording in Fig.23). The dots represent the center of the
LECs and are color-coded according to: A) response time Δtres, B) activation time Δtact, C) signal
duration Δtdur, D ) the relative amplitude of the Ca2+ signal. The value of each parameter is determined
by the color scale next to each image, where blue is the lowest and red is the highest, as specified by
individual colorbars. This indicates that all cells are activated after mechanical stimulation and their
relative amplitude decreases nearly linear with increasing distance from the stimulation site. In each
panel, the right figure shows the circular average of all cells within the given annulus (see Fig.13).
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Figure 34: Visualisation of the temporal-spatial activity of LECs in LC of cortical cataract (C) after
added apyrase (results correspond to the recording in Fig.24). The dots represent the center of the
LECs and are color-coded according to: A) response time Δtres, B) activation time Δtact, C) signal
duration Δtdur, D) the relative amplitude of the Ca2+ signal. The value of each parameter is determined
by the color scale next to each image, where blue is the lowest and red is the highest, as specified by
individual colorbars. This indicates that all cells are activated after mechanical stimulation and their
relative amplitude decreases with increasing distance from the stimulation site. In each panel, the right
figure shows the circular average of all cells within the given annulus (see Fig.13).

According to our expectation, in all control experiments the response time increases with
distance from the stimulation site, and the displacements are conditioned by the speed of the
Ca2+ wave. Generally, there is a tendency for signals near the stimulation site to last longer
and for signals in LECs of highly developed cataracts to be significantly longer. After
stimulation with added apyrase, response times, Δtres and Δtact activation time varied
significantly from cell to cell but without significant differences in regard to control
experiments, while Δtdur signal duration was shorter, and the relative amplitude decreased
nearly linearly. In contrast when apyrase and CBX were added, nearest cells to the stimulated
cell showed low response while distant cells did not respond to stimulation because they were
deactivated due to the effect of antagonists. It is obvious that the activated cells close to the
stimulated cell after the addition of antagonists respond to the stimulus and their activation is
relatively equally fast as in the control experiments. It is remarkable that the relatively low
amplitudes are in extremely decreased and their Δtdur signal duration is shorter than in
experiments where only apyrase was added. An interesting fact is that the apyrase itself does
not show a blocking effect in postoperative LCs but supports the effect of cbx, shown in
Fig.22 where only CBX was added. There the relative amplitude does not decrease extremely
fast as in the cases when both antagonists were added.
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4.2 LENS CULTURES
We were further interested in the functioning of LECs and their response in lens cultures. For
this purpose, they were mechanically stimulated according to the mechanical stimulation
protocol described in Chapter 3.2.3. We then analyzed the measurements showing a change in
[Ca2+]i, similarly to that of postoperative aLCs. An example showing changes in [Ca2+]i of
LECs grown in lens culture, confluent culture, in response to local mechanical stimulation is
shown in Fig.35 – control experiment. The effects of CBX and apyrase as antagonists are
shown in Fig.36 and Fig.37. The colored dots represent the centers of the selected LECs.

Figure 35: Spatio-temporal changes of Ca2+ response in confluent LECs from a cortical cataract (C),
grown in lens culture eight days old, after local mechanical stimulation – control experiment. The
upper left image shows the selected LECs - Regions of Interest (ROIs) that designate individual LECs,
superimposed on the aLC image recorded with 340 nm. The black x is a site of mechanical
stimulation. The time changes of [Ca2+]i for the four labeled LECs are shown at the top right, the
selected ROIs are indicated in the same colors as on the upper left panel. The 8 panеls bellow
represent a series of 340/387 ratio images and show the spatio-temporal changes in Ca2+ concentration
at selected times. Red indicates the highest Ca2+ concentration, blue the lowest, and yellow and green
are intermediate.

Mechanical stimulation was also performed in the case of lens cultures using the same
procedure but with the reverse order of adding antagonists in comparison to the postoperative
aLECs: CBX was first added and incubated for 15 min. The result of mechanical stimulation
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is shown in Fig.36. The signal propagates slowly, the Ca2+ rise response being delayed and
smaller suggesting that CBX partially blocks Ca2+ propagation\response.

Figure 36: Spatio-temporal changes of Ca2+ response in confluent LECs from a cortical cataract (C),
grown in lens culture eight days old, added CBX by local mechanical stimulation. The upper left
image shows the selected LECs - Regions of Interest (ROIs) that designate individual LECs,
superimposed on the aLC image recorded with 340 nm. The black x is a site of mechanical
stimulation. The time changes of [Ca2+]i for the four labeled LECs are shown at the top right, the
selected ROIs are indicated in the same colors as on the upper left panel. The 8 panеls bellow
represent a series of 340/387 ratio images and show the spatio-temporal changes in Ca2+ concentration
at selected times. Red indicates the highest Ca2+ concentration, blue the lowest, and yellow and green
are intermediate.

Mechanical stimulation was again performed on the same LC but different region, after added
apyrase and incubation for 30 min. The result of mechanical stimulation is shown in Fig.37.
After apyrase, the Ca2+ rise response propagation is insignificant.
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Figure 37: Spatio-temporal changes of Ca2+ response in confluent LECs from a cortical cataract (C)
grown in lens culture eight days old, after added CBX then apyrase by local mechanical stimulation.
The upper left image shows the selected LECs - Regions of Interest (ROIs) that designate individual
LECs, superimposed on the aLC image recorded with 340 nm. The black x is a site of mechanical
stimulation. The time changes of [Ca2+]i for the four labeled LECs are shown at the top right, the
selected ROIs are indicated in the same colors as on the upper left panel. The 8 panеls bellow
represent a series of 340/387 ratio images and show the spatio-temporal changes in Ca2+ concentration
at selected times. Red indicates the highest Ca2+ concentration, blue the lowest, and yellow and green
are intermediate.

In comparison to postoperative aLCs, in lens cultures we have observed that the increase in
Ca2+ concentration in all selected LECs is not simultaneous but occurs with a delay, indicating
that the signal travels slower as the formation of intercellular connections between LECs is
not finished and the LECs are less interconnected than postoperative LECs. It is important to
emphasize that in confluent lens cultures apyrase showed a higher blocking effect for Ca2+
popagation than CBX. In Fig.38 are show changes in [Ca2+]i of LECs grown in lens culture,
non-confluent region, in response to local mechanical stimulation ̵ control experiment. This
study does not cover non-confluent region treated with antagonists because the experiments in
this region were not successful and do not show significant results.
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Figure 38: Spatio-temporal changes of Ca2+ response in non-confluent LECs from a cortical cataract
(C) grown in lens culture eight days old, after local mechanical stimulation – control experiment. The
upper left image shows the selected LECs - Regions of Interest (ROIs) that designate individual LECs,
superimposed on the aLC image recorded with 340 nm. The black x is a site of mechanical
stimulation. The time changes of [Ca2+]i for the four labeled LECs are shown at the top right, the
selected ROIs are indicated in the same colors as on the upper left panel. The 8 panеls bellow
represent a series of 340/387 ratio images and show the spatio-temporal changes in Ca2+ concentration
at selected times. Red indicates the highest Ca2+ concentration, blue the lowest, and yellow and green
are intermediate. Scale bars, 10 μm.

For a more accurate representation of the spatio-temporal Ca2+ response, we have compiled
color-coded signaling parameter values for each individual LC used in the analysis shown
above. The following are color images for nuclear cataract (N; Fig.35) as control and effect
after added CBX and apyrase as antagonists (Fig.36; Fig.37). Each color dot represents an
individual LCs, while color indicates the value of a given parameter: Δtres response time, Δtact
activation time, Δtdur signal duration, and relative amplitudes.
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Figure 39: Visualisation of the temporal-spatial activity in confluent LECs grown in lens culture eight
days old in the control experiment (results correspond to the recording in Fig.35). The dots represent
the center of the LECs and are color-coded according to: A) response time Δtres, B) activation time
Δtact, C) signal duration Δtdur, D) the relative amplitude of the Ca2+ signal. The value of each parameter
is determined by the color scale next to each image, where blue is the lowest and red is the highest, as
specified by individual colorbars. This indicates that all cells are activated after mechanical
stimulation and their relative amplitude decreases logarithmically with increasing distance from the
stimulation site. In each panel, the right figure shows the circular average of all cells within the given
annulus (see Fig.13).

Figure 40: Visualisation of the temporal-spatial activity in confluent LECs grown in lens culture eight
days old after added CBX (results correspond to the recording in Fig.36). The dots represent the center
of the LECs and are color-coded according to: A) response time Δtres, B) activation time Δtact, C)
signal duration Δtdur, D ) the relative amplitude of the Ca2+ signal. The value of each parameter is
determined by the color scale next to each image, where blue is the lowest and red is the highest, as
specified by individual colorbars. This indicates that all cells are activated after mechanical
stimulation and their relative amplitude decreases logarithmically with increasing distance from the
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stimulation site. In each panel, the right figure shows the circular average of all cells within the given
annulus (see Fig.13).

Figure 41: Visualisation of the temporal-spatial activity in confluent LECs grown in lens culture eight
days old after added CBX and apyrase (results correspond to the recording in Fig.37). The dots
represent the center of the LECs and are color-coded according to: A) response time Δtres, B)
activation time Δtact, C) signal duration Δtdur, D ) the relative amplitude of the Ca2+ signal. The value
of each parameter is determined by the color scale next to each image, where blue is the lowest and
red is the highest, as specified by individual colorbars. This indicates that more then half of cells are
activated after mechanical stimulation and their relative amplitude decreases logarithmically with
increasing distance from the stimulation site. In each panel, the right figure shows the circular average
of all cells within the given annulus (see Fig.13).

Figure 42: Visualisation of the temporal-spatial activity in non-confluent LECs grown in lens culture
eight days old in the control experimentnt (results correspond to the recording in Fig.38). The dots
represent the center of the LECs and are color-coded according to: A) response time Δtres, B)
activation time Δtact, C) signal duration Δtdur, D) the relative amplitude of the Ca2+ signal. The value of
each parameter is determined by the color scale next to each image, where blue is the lowest and red is
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the highest, as specified by individual colorbars. This indicates that all cells are activated after
mechanical stimulation and their relative amplitude decreases nearly linear with increasing distance
from the stimulation site. In each panel, the right figure shows the circular average of all cells within
the given annulus (see Fig.13).

In contrast to postoperative LECs in lens culture, Δtact and Δtres are longer and the propagation
rates in culture are significantly lower. With increasing distance from the stimulation site, the
signal duration increases and the amplitude decreases. In lens cultures with added CBX or
CBX and apyrase we did not observe significant differences in Δtdur and relative amplitude
show logarithmically decline which is probably due to unfinished establishment of
intercellular connections between LECs.
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5 DISCUSSION
5.1 POSTOPERATIVE LENS CAPSULES
In general, the underlying mechanisms of cataract development and progression are still
poorly understood. We have already mentioned that the lens epithelium has a fundamental
functional role in the lens apparatus. Ca2+ is the most abundant ion in the body, it is a versatile
signaling molecule that controls all levels of organization in most of the cell types.
In our experiment, we induced ICW by applying a mechanical stimulus to a single cell. This
lead to the release of the intracellular signaling molecules IP3 and Ca2+ that initiate the
propagation of the Ca2+ wave concentrically from the mechanically stimulated cell to the
neighboring cells (D'hondt et al.,2013). Hence, mechanical stimulation can be understood as a
mechano-transduction process by which physical cues are translated into biochemical signals
(Urrutia et al.,2017). In response to external forces, caused by a mechanical stimulus, cell can
produce internal forces, that means they produce endogenous contractile forces (Humphrey,
2014). The mechanical forces applied to proteins may perturb the conformations and expose
the hidden binding sites, resulting in mechanical signaling processes (Ridley, 2003; Polacheck
and Chen, 2016).
The advantage of studying Ca2+ wave propagation by mechanical stimulation is that it
provides an easy way to quantify the spread of the Ca2+ wave over time and allows
quantitatively comparing different pretreatments of the cells (D'hondt et al.,2013). The
disadvantage of mechanical stimulation is that it may lead to plasma membrane disruption.
This would allow both, Ca2+ entry into the cell, as well as the liberation of cell constituents,
such as ATP or other messengers from the cell (Leybaert and Sanderson, 2012). The release
of secondary messengers activate a series of biochemical processes, which allow the study of
intra- and intercellular communication.
We have analyzed 38 postoperative sample recordings with local mechanical stimulation,
previously stained with cell-permeable dye Fura-2, following Ca2+ wave propagation.
Changes were monitored in response to 3 μM apyrase (adenosine triphosphate), 2 μM CBX,
and mechanical stimulation as control group. The data were collected (dissected) from the
anterior portion of the LC (i.e., basal lamina and associated aLECs). A major advantage in the
preparation of aLCs is the fact they preserve their morphology and function, which keeps
them approximately the same as if they were still present in the human body.
We systematically studied the spatio-temporal organization of intra- and intercellular Ca2+ in
human postoperative aLC’s LECs with the aim to gain further insight into its relation to
cataract formation. In this study, we compared [Ca2+]i cell-signaling characteristics of two
different antagonists within aLCs that were removed from donor’s eyes (cataract surgery has
previously been performed) with signaling responses obtained from the same antagonists in
postoperative LC and lens culture. Our aim was to focus on the differences between the type
and the degree of cataract development and its effect on intracellular signaling, paracrine and
gap junction by mechanical stimulation and antagonist action. In all LECs samples that were
locally mechanically stimulated, a Ca2+ wave response was detected that propagated radially
outward from the point of stimulation. We followed changes in [Ca2+]i and LECs and
determined different parameters of Ca2+ signals in order to be able to easily study the
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influence of the distance from the stimulation point, as well as the influence of the
antagonistic effect. We confirmed that Ca2+ waves propagate more rapidly in aLCs, in the
case without added antagonists, thus the relative amplitudes of the Ca2+ signal decrease by
distance from the stimulation site, while the relative amplitudes are substantially lower when
apyrase was added and the lowest when CBX was added. CBX inhibited the gap junction with
up to 75% effectiveness, permanently blocking the depletion of [Ca2+]i. At low concentrations
it caused the cell structure to decay after 40 minutes of application. The ATP/ADPase apyrase
reversibly inhibited the [Ca2+]i rise induced by mechanical stimulation (Schlosser et al.,1996).
Although mechanical stimulation was applied in a way to increase the concentration of eATP,
as a consequence we expected that apyrase would reduce ATP concentration and affect Ca2+
wave propagation. However, we did not observe that effect. Low concentrations of apyrase or
insufficient incubation time may be considered as causes, although several cases of apyrase
incubation lasting longer than 1 h have been treated, also there no significant differences have
been observed.
We studied the action and effect of apyrase on the paracrine mechanism. Paracrine
communication describes the action of a secreted growth factor from one cell on a
neighboring target cell. Paracrine communication is described through the action of a secreted
growth factor from one cell to a neighboring target cell (Cooper and Hausman, 2004). eATP
is important for cell-to-cell communication in the nervous vascular systems and the immune
system. The immune cells regulate ATP through autocrine regulation and paracrine
communication. The effect of ATP is not restricted to inflammasome activation at all. Also,
ATP disposal prevented mitochondrial damage, apoptosis and systemic evidence of cell
disintegration, even mortality. For us, apyrase as antagonist that effectively removes ATP
from the extracellular milieu, had no effect on mechanically stimulated cells as well as
insignificant effect of Ca2+ wave propagation in postoperative LCs. The phenomenon we have
observed in postoperative LCs with added apyrase is a faster rise of Ca2+ in distant cells from
the site of mechanical stimulation than cells near to the stuimlation cell, where a faster
response is expected. Our hypothesis is that this behaviour is not due to the paracrine
mechanism but unsynchronised intermediate communication through intermediate cells.
Mechanically cell stress cause a release of ATP, and this extracellular nucleotide can activate
purinoreceptors and mediate responses essential for survival (Ahmad et al.,2004). There is
ATP-based intercellular communication mediated by P2X4 and P2X7 receptors as
characteristic of pro-inflammatory macrophages. Thus, purinergic signaling employs apyrase
to lower ATP levels. In humans, perception of eATP by purinergic receptors is one of the
main biological mechanisms responsible for epithelial intracellular calcium mobilization
(Sherwood et al.,2011; Kurashima et al.,2012). Calcium mobilization is an important
indicator, however during mechanical stimulation with added apyrase, Ca2+ propagates
indifferent from control samples. Response to mechanical stimulation is ATP release, named
as an endogenous “danger signal “. It is found that in high concentrations in the intracellular
cytoplasm, at low levels in the extracellular or pericellular space in healthy tissue, ATP is
rapidly released upon cell damage and is inactivated by the powerful ubiquitous E-NTPDase
(Trautmann, 2009; Robson et al.,2005). eATP and other nucleotides [e.g., adenosine
diphosphate (ADP), uridine 5′-triphosphate (UTP) and uridine diphosphate (UDP)] exert their
effects by binding to purinergic P2-receptors (P2R), which can be subdivided into 2 families:
the G-protein-coupled P2YR and the ligand-gated ion channel, P2XR. In fact, the
extracellular concentration of ATP and subsequent purinergic activation appears to play a
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critical role in determining the intracellular signaling set point of many key growth-regulating
factors (Ostrom et al.,2000; Schwiebert et al.,2002).
Another important intracellular communication pathway in the human lens is mediated by gap
junctions. Gap junctions are mainly composed of the connexin protein, and they allow the
movement of important inorganic ions, second messengers and other small water-soluble
molecules between cells (Masak et al.,2001; Tomas et al.,2003; Lin et al.,2008). Moreover,
their communicating channels are important in development and differentiation. Gap
junctions are also essential for the nourishment of cells distant from blood vessels, as in lens
and bone cells (Berg et al.,2002). Gap junctions are designed as cell-to-cell channels and
serve as passageways between the interiors of adjacent cells. They are closed in the resting
state and have short lifetimes in the open state (approximately a millisecond), have narrow
pores and are moderately to highly selective with regards to which ions are permeant (Berg et
al.,2002). In our samples where CBX was added as a gap junctions’ blocker, the propagation
of Ca2+ in contiguous cells was largely blocked. Apyrase enhances the effect of CBX, and
together they block extracellular Ca2+ of up to 80%. Hence, mainly CBX response has
promising results in regenerative medicine or at treating patients with cataracts. With regards
to the cataract type, C - cortical, N - nuclear, and C+N - combined we detected no significant
differences in any aspect of Ca2+ signaling examined herein. Apparently with the addition of
antagonists а rather high inter-capsule variability in [Ca2+]i responses was present. Gupta et
al., (2004) found that the overall concentration of Ca2+ in LECs, regardless of cataract
appearance, was several times greater than the total concentration of Ca2+ in LECs in the
healthy lens. That leads to disrupted homeostasis of [Ca2+]i, as a result of the inability of
LECs to eliminate excess Ca2+ from the cytosol. It is based on the fact that maintaining
normal intracellular Ca2+ concentrations, which is regulated by Ca2+ pumps and Ca2+ channels,
is key to preventing cataracts. Local mechanical stimulation results in rapid elevation of
[Ca2+]i, which coordinates and is responsible for many cascades mechanisms, including
receptor Ca2+ channels at the outer membrane of the ER, InsP3R, and R2YRs. Аlternatively,
the stimulated cell releases ATP (in either a Ca2+-dependent or -independent manner) via
plasma membrane channels (hemichannels, maxi-anion channels) or vesicular release. The
extracellular diffusion of ATP to adjacent cells activates P2 receptors which, in turn, stimulate
IP3 production to generate a Ca2+ signal in the adjacent cell (Leybaert and Sanderson, 2012).
Regulation complexity of cellular Ca2+ or Ca2+ signaling processes and disruption of these
control mechanisms have been linked to the pathogenesis and cytotoxic events. In these
events, Ca2+ equilibrium in the cell is restored by the operation of NCX, PMCA, and SERCA
pumps. Local mechanical stimulation as a handy tool is often applied in electron microscopy.
Fura-2 as the Ca2+ indicator remains the most commonly used fluorophore for measuring
changes in Ca2+ concentration by either monitoring excitation or emission. The function and
viability of cells or tissues can be tracked and analyzed through the intra- and intercellular
presence of Ca2+. In all examples of a locally stimulated cell, the Ca2+ signal propagates
radially outward from the site of mechanical stimulation, and the amplitudes of increase
[Ca2+]i decrease with increasing distance from the stimulation site regardless of the type or
degree of cataract. Cataractogenesis as a pathological stage involves changes in both the
intracellular aspect of Ca2+ signaling and the level of intercellular communication.
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5.2 LENS CULTURES
In another part of the experiment, human LECs cultures were established by plating
adherently the intact human anterior portion of the lens onto petri dishes. Ex vivo cell culture
was developed onto plastic glass bottom petri dishes under adherent conditions in high
glucose medium (DMEM), using a viscoelastic method established and developed at the Eye
Clinic in Ljubljana. The viscoelastic is an inert substance having viscous properties that by
gravitation force the graft to attach to a surface (Andjelić et al.,2015a). Within days of
planting the ex vivo explant, we observed that the LECs began to propagate from the attached
LC across the petri dish surface, indicating their ability to reproduce and migrate. The LECs
pluripotent ability has been investigated and proven with immunofluorescence by Andjelić et
al., (2015b) through the antigen Ki-67 cellular marker for proliferation and the Sox2
transcription factor. Tissue and cell adherence allow measurement of the [Ca2+]i upon
mechanical or pharmacological stimulation, giving an advantage of having less noise from
cellular movement within the cell culture dish (Andjelić et al.,2015a). Our results indicate an
increase in the [Ca2+]i upon mechanical stimulation and decrease by the application of the
apyrase and CBX. The rise in Ca2+ concentration was not identical in all LECs in the field of
view, but the time lag indicated that the signals were spread. In contrast to postoperative
LECs in lens culture, CBX had almost no effect on Ca2+ wave propagation, while apyrase
showed severely restricted Ca2+ wave propagation. In ex vivo cell culture apyrase showed an
high procentage blocking effect as well as being more effective than CBX. Le and Musil
(1998) have found that the inhibition of intercellular communication by a gap junction blocker
does not affect epithelial – fiber cell differentiation in lens primary cultures, suggesting that
gap junction channels are formed in later stages in embriogenesis and do not have a direct
impact for lens cell differentiation. This study provides a basic summary of intra- and
intercellular pathway and molecular mechanisms in human lens culture, as well as giving an
overview of their interwining and complementarity study through mechanical stimulation and
applied apyrase and CBX as antagonists. The key difference between postoperative aLCs and
lens cultures concerns the opposite effect and response by adding apyrase antagonist rather
than CBX, which is due to the different mechanism of action. The high efficacy of apyrase in
lens cultures is due to the paracrine mechanism, which is mentioned in the earliest stage of
lens morphogenesis (Cvekl and Padan, 2014). In fact, our lens cultures that were no older than
twenty days respond better to the effect of apyrase than to CBX, whose gap junction
mechanism is not well established. This is another proof that our cultures were too young and
because their mechanisms were less well established in non-confluent regions, they did not
show similar results as in confluent regions. Based on the results shown in postoperative
aLCs, our expectations for the CBX blocking effect were more promising in confluent cell
cultures than in non-confluent cell culutres. Apparently, our expectations were highly
optimistic that the apyrase will show effect in non-confluent regions as well. However, we
had to omit non-confluent cultures in our study due to the failure of the experiment in those
areas. In lens culture CBX blocks the spread of [Ca2+]i for a less then 30% effect. This is
probably due to the slow creation of the gap junctions in the cell cultures with the
confluences. The creation of the contacts between the LECs in culture was shown by the
scanning electron microscopy (Andjelic et al.,2015a). With confluency, the cultured LECs
tend to create stronger connections, resembling those in postoparative LC lens epithelium.
The lens cultures grown from ex vivo explants of postoperative aLCs can be used to test
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various physical and pharmacological agents to promote growth inhibition of LECs, in
conjunction with lens regeneration or inhibition of PCO development.
Future studies on cell functionality and homeostasis could focus on using Ca2+ imaging and
high-throughput screening (HTS) to explore the potential for the development of
pharmacological and cell-based therapies that are an attractive approach for treating eye
diseases. In future studies, a more detailed comparison of signaling between the confluent and
non-confluent regions of LECs will be required, aiming to gain better insight into Ca2+
signaling exposed to pharmacological agents in connection with PCO and lens regeneration.
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6 CONCLUSION
In this thesis we studied the inter- and intracellular communication in human lens through
paracrine and gap junction pathway by mechanical stimulation as stimulus and application of
apyrase and CBX as antagonists (pharmacological agents). We induced ICWs in manner to
distrupt plasma membrane and release secondary messengers (Ca2+, ATP, IP3 ect). The ICWs
generated as a result of the concerted activities of several cellular Ca2+ channels provide very
effective and fast signaling into the LECs. Our investigation focused on Ca2+ signaling
mechanisms to maintain epithelial cell integrity, because LECs serve key transport and cell
maintenance functions throughout life. The living cells have evolved to encode these Ca2+
waves as Ca2+ code for information transfer in terms of the amplitude, duration, frequency,
waveform or timing of Ca2+ oscillations that are then decoded at a later stage by signal
transduction. The local mechanical stimulation triggers a change [Ca2+]i in LECs. The LECs
have been shown to respond to mechanical stimulation with increase in [Ca2+]i. That is
provided opportinity to quantify the spread of Ca2+ wave over time and it allows
quantitatively comparing different pre and posttreatments cells. In the first instance, the Ca2+
signal propagates radially outward from the site of mechanical stimulation, and the
amplification amplitudes [Ca2+]i decrease with distance from the stimulation site regardless of
the type or degree of cataract. To determine and elucidate paracrine and gap junction
mechanisms in LECs we added apyrase and CBX as antagonists. In postoperative aLCs, CBX
blocks the Ca2+ effect in high percentage while apyrase minimally increases the time for an
Ca2+ response without significant effect to Ca2+ wave propagation. We confirmed that Ca2+
waves propagate more rapidly in aLCs without added antagonists, while the relative
amplitudes are substantially lower at apyrase added and the lowest at CBX added. In contrast
in lens culture, the apyrase shows greater efficacy than CBX. The CBX has an insignificant
effect on Ca2+ propagation in lens culture, due to the fact that gap junction and connexins are
not included in lens cells differentiation and their mechanism are not well established yet.
Equivalently to embryogenesis, paracrine mechanisms are formed at an earlier stage and for
that reason apyrase is more effective than CBX. We conclude that LECs have the ability to
communicate coordinated Ca2+ changes using both gap junctions and eATP. The intra- and
intercellular signaling characteristics of Ca2+ in human lenses can be examined using Fura-2
and digital imaging microscopy. Cataractogenesis always lead to impaired homeostasis in
inter- and intracellular Ca2+ concentration in LECs. The Ca2+ ion is shown as an excellent
indicator for cell function as well as easy tool which allows tracking of numerous Ca2+
signaling pathways. The mechanical stimulation applied to cells may perturb the
conformations and the liberation of cell constituents, such as ATP or other messengers,
resulting in mechanical signaling processes. Additional we have shown that lens cultures
grown from ex vivo explant of postoperative LCs can be an excellent model for testing various
pharmacological agents with promising results for regenerative medicine. Such novel and
highly innovative strategies can provide rationale approaches for the design and development
of novel technologies based on Ca2+ waves for the diagnosis and treatment of cataracts in
regenerative medicine. Regarding the development of non-surgical treatment options, the ex
vivo assay may provide an initial platform for broad screening of potential novel therapeutic
agents towards the pharmacological treatment of cataract.
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Proposals for further experiments:
1.

Detected connexin by immunofluorescence;

2.

The lens epithelial cell mRNA and crystallin protein expression in LECs could be
determined by quantitative PCR and western blot analysis;

3.

The levels of cytokines involved in cataracts can be measured by enzyme-linked
immunosorbent assay (ELISA).
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7 SUMMARY
7.1 SUMMARY
The lens is an avascular and transparent biconvex structure in the anterior segment of the eye. The
main function of the lens is to focus light on the retina and play a critical role in normal vision.
The anterior of the lens comprises a single layer of epithelial cells. This is the most metabolically
active part of the lens. These epithelial cells are a reservoir of cells from which the lens grows
throughout life. At the lens equator, epithelial cells differentiate into fiber cells. Lens epithelial
cells (LECs) are the primary site of active substance transfer, mainly of nutrients and ions. The
key fact is that Ca2+ signaling disturbances in LECs are related to cataract formation. The
intracellular overload of the Ca2+ in the LECs causes an activation of Ca-dependent enzymes,
irreversible breakdown of important structural proteins and cell death (apoptosis). Calcium and
cyclic AMP (cAMP) are second messengers that typically become elevated inside cells on
activation of cell surface receptors. The cAMP pathway is subject to modification by the Ca2+
signal, which means Ca2+ is an excellent indicator of cell function. Our aim is analysis and
identification of intercellular Ca2+ signaling in human LECs upon local mechanical stimulation
and local mechanical stimulation after applied antagonists apyrase (ATP diphosphohydrolase) and
carbenoxolone (CBX). They are implemented to investigate and understand the fundamental roles
of intracellular communication related to cataractogenesis and posterior capsule opacification
(PCO), prevention, repair, and lens regeneration. Fresh postoperative lens capsules (LCs) obtained
during cataract surgery as well as ex vivo explant LCs cultures were used for our investigation.
Each anterior LECs (aLECs) sample was mechanically stimulated with a glass micropipette,
which induced an increase in intracellular Ca 2+ concentration ([Ca(2+)]i). Changes in [Ca2+]i in the
cytosol were monitored using the fluorescent dye Fura-2. Fura-2 is a specific Ca2+ dye that
changes its wavelength (emission or excitation) depending on the amount of free Ca2+ it binds. It
was these dye properties that made it possible to record in a 340/387 ratio, which is adequately
raised by raising [Ca2+]i. We studied the propagation of the Ca2+ signal wave, following dispersal
radially from the stimulation point, propagating through the cells in the field. Overall, the
amplitude of Ca2+ transients decreases with increasing distance from the stimulation point. We
compared Ca2+ signaling between different cataract types, finding no significant differences. This
mean that the progression of cataract is associated with changes in Ca 2+ signaling between LECs,
indicating the importance of balanced intercellular communication for maintaining the
physiological health of the tissue. In this study, we wanted to determine the effect and dependence
of intracellular Ca2+ signaling on intercellular communication pathway after the antagonists with
different mechanisms of action were added: apyrase - paracrine adenosine triphosphate (ATP)
component was excluded by enzymatic degradation of ATP by apyrase and CBX- a gap junction
channel blocker. In postoperative aLCs, apyrase increases the time for Ca 2+ response with
negligible impact to the Ca2+ signal propagation while CBX blocks Ca2+ propagation highly
efficiently. The Ca2+ signaling analysis in postoperative aLCs with added CBX has shown that the
Ca2+ wave almost completely diminished since only cells nearby the simulation point get
activated. Subsequently, the amplitudes of the Ca2+ signals are lower, whereas their durations are
shorter. In ex vivo explant LC culture apyrase shows more blocking efficiency then CBX. There
the response time of LECs from lens culture is longer than the response time of LECs from
postoperative aLCs. The propagation rate in cultures is significantly lower than in LECs from
postoperative aLCs, while the signal duration is longer, and the amplitude is decreasing with
distance to the stimulation site.
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7.2 POVZETEK
Leča je avaskularna in prozorna bikonveksna struktura v sprednjem delu očesa. Glavna
funkcija leče je fokusiranje svetlobe na mrežnico, zato ima kritično vlogo pri normalnem
vidu. Sprednjo stran leče tvori ena plast epitelijskih celic. Ta je presnovno najbolj aktivni del
leče. Epitelijske celice predstavljajo rezervoar celic, iz katerih leča raste skozi življenje. Na
ekvatorju leče se epitelijske celice diferencirajo v lamelne celice. Epitelijske celice leče (ECL)
so primarno mesto transporta aktivnih snovi, predvsem hranljivih snovi in ionov.
Znotrajcelična preobremenitev ECL s Ca2+ povzroči aktiviranje encimov, odvisnih od Ca2+, in
nepovratno razgradnjo pomembnih strukturnih beljakovin, kar vodi v celično smrt (apoptozo).
Kalcij in ciklični AMP (cAMP) so sekundarni obveščevalci, ki se običajno tvorijo v celicah
ob aktiviranju membranskih receptorjev. Signalna pot cAMP se lahko spremeni s Ca2+
signalom, kar pomeni, da je Ca2+ odličen pokazatelj delovanja celic. Znano je, da so motnje
signalizacije Ca2+ v ECL povezane s tvorbo sive mrene. Naš glavni cilj je bil identifikacija,
analiza in primerjava medcelične signalizacije Ca2+ v človeških ECL po lokalni mehanski
stimulaciji, brez in z dodatno apliciranima agonistoma apirazo in karbenoksolonom. Uporabili
smo ju za raziskavo in razumevanje temeljnih vlog znotrajcelične komunikacije, povezane s
kataraktogenezo in opacifikacijo zadnje kapsule (PCO), preprečevanjem okvar, popravljanjem
in regeneracijo leč. Za našo raziskavo smo uporabili sveže postoperativne lečne ovojnice
(LO), ki smo jih dobili med operacijo katarakte, in primarne lečne kulture. Vzorce sprednjih
ECL (sECL) smo mehansko dražili s stekleno mikropipeto, kar je povzročilo povečanje
znotrajcelične koncentracije Ca2+ ([Ca2+]i). Spremembe [Ca2+]i v citosolu smo spremljali s
fluorescentnim barvilom Fura-2. Fura-2 je barvilo, katerega fluorescenca, izzvana z različnimi
valovnimi dolžinami (340 oz. 387 nm), je odvisna od količine prostega Ca2+. Vsi poskusi so
bili izvedeni v temi zaradi občutljivosti barvila na svetlobo. Preučevali smo val dviga [Ca2+]i,
ki se je radialno širil od stimulacijske točke skozi celice v vidnem polju. Na splošno se
amplituda Ca2+ signalov zmanjšuje z naraščanjem oddaljenosti od točke stimulacije.
Primerjali smo tudi Ca2+ signalizacijo med različnimi vrstami katarakte, pri čemer nismo
ugotovili pomembnih razlik, kar je v skladu tudi s predhodnimi študijami. V tej raziskavi smo
želeli ugotoviti učinek in odvisnost medcelične Ca2+ signalizacije glede na vrsto celičnih
komunikacijski poti – parakrino ali preko presledkovnih stikov. V ta namen smo dodali
agonista z različnima mehanizmoma delovanja, apirazo in karbenoksolon (CBX). Z aplikacijo
apiraze smo testirali signalno pot parakrine sekrecije adenozintrifosfata (ATP), s CBX pa
komunikacijo preko presledkovnih stikov. V postoperativnih sECL apiraza zanemarljivo
podaljša čas do dviga Ca2+, vendar ne zavira širjenja Ca2+ signala, medtem ko CBX zelo
učinkovito blokira propagacijo Ca2+ vala. Analiza signalizacije Ca2+ v postoperativnih sECL z
agonistom CBX je pokazala, da se Ca2+ val skoraj v celoti zmanjša, saj se aktivirajo samo
celice v bližini točke draženja, amplitude dviga Ca2+ pa so manjše in njihova trajanja krajša. V
lečni kulturi apiraza kaže večjo učinkovitost blokade kot CBX. Tam je odzivni čas ECL iz
kulture leč daljši od odzivnega časa ECL iz postoperativnih sLO. Hitrost propagacije v
kulturah je znatno nižja kot pri ECL iz postoperativnih sLO, trajanje signala je daljše,
amplituda pa se zmanjšuje z razdaljo od mesta draženja.
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