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ABSTRACT

Retinal pigment epithelium (RPE) is crucial for our visual ability performing
important functions for the maintenance of photoreceptor viability. Correct
physiological functionality is a prerequisite for RPE to execute all its retinal
maintenance tasks, several of which are dependent on the various ion channels it
expresses. Malfunctions in RPE physiology often cause vision-threatening retinal
diseases that can eventually lead to blindness. Stem cell-derived RPE provides a
potential model system to investigate RPE physiology and pathophysiology while
serving as a cell source for cell transplantation therapies to replace the diseased RPE.

The aim of this dissertation was to investigate the physiology of human
embryonic stem cell (hESC)-derived RPE concentrating on ionic signaling and to
evaluate these features compared to the native counterpart. This aim was approached
by determining the distribution of different ion channels with immunostainings and
confocal microscopy in the hESC- and native mouse RPE. The functionality of the
ion channels in these cells was studied with patch clamp electrophysiology by
recording ionic currents across the cell membrane. The physiological role of ion
channels was evaluated for two key processes in the RPE: 1) the phagocytosis of the
photoreceptor outer segments (POS) by performing phagocytosis assays and 2) the
secretion of the vascular endothelial growth factor (VEGF) using ELISA. These
assays were combined with manipulation of ion channel activity with
pharmacological compounds. Computational modeling was used to investigate the
intra- and intercellular Ca2* signaling in the RPE monolayer.

In this thesis, a diverse pattern of Ca2*, K*, and CI- channels were detected at the
protein level from the hESC-RPE cell membrane, and generally, the ion channel
localization profile was comparable to the native mouse RPE. The basolateral
localization of inwardly rectifying K+ channel Kir7.1 and the apical localization of
L-type voltage-gated Ca?* channel Cay1.3 were found here as novel observations in
the RPE. Furthermore, the work revealed a link between Cavl.3 and RPE
development as the Cav1.3 channel localization changed remarkably during RPE
maturation. Considering physiological relevance, the L-type Ca2* channels
participated in the regulation of phagocytosis and VEGF secretion. The features of
L-type Ca?* currents recorded from the hESC-RPE resembled those measured from
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the native mouse RPE in this study as well as the native RPE reported in the
literature. However, differences appeared between K+ currents in the hESC-RPE
compared to the literature from the native RPE, especially with the Kir currents.
This may indicate a compromised functionality of Kir channels in the hESC-RPE.

In conclusion, ion channels are highly sensitive to the external cell culture
conditions as well as the maturation level of the RPE. Thus, assessing the functional
phenotype of the stem cell-derived RPE is extremely important when evaluating the
physiological maturity of the cells and their capability to perform the crucial tasks of
the native RPE. All in all, the presence of functional machinery of ion channels in
the hESC-RPE indicates great potential for their use as cell models and in
transplantation therapies.
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TIVISTELMA

Silmédn verkkokalvon pigmenttiepiteeli (retinal pigment epithelium; RPE) on
erityisen tirked nikoaistinsolujen toiminnan ja siten myos koko nikoaistin kannalta.
Tonikanavien oikealainen toiminta puolestaan on edellytys sille, ettd RPE suoriutuu
kaikista tehtdvistdan. RPE:n fysiologiaan liittyvit toimintahdirit johtavat usein
nikokykyd heikentiviin sairauksiin, jotka saattavat edetd aina sokeuteen asti.
Kantasoluista erilaistetut RPE-solut ovat hyva solumalli RPE:n perustoimintojen ja
sairauksien tutkimiseen. Toisaalta niiti voidaan potentiaalisesti kayttdd myo6s
vahingoittuneen RPE-kudoksen korvaamiseen solusiirrehoidoissa nakokykya
uhkaavien sairauksien parantamiseksi.

Taman viitoskirjatyon tavoitteena oli tutkia ihmisen alkion kantasoluista
erilaistetun RPE:n fysiologiaa ja ioneihin liittyvdd signalointia sekd verrata saatuja
tuloksia natiiviin kudokseen. Ionikanavien lokalisoitumista solukalvolla kantasoluista
erilaistetussa RPE:ssid ja natiivissa hiiren RPE:ssi selvitettiin immunovirjiysten ja
konfokaalimikroskopian avulla. Ionikanavien toiminnallisuutta tutkittiin patch clamp
— menetelmalld, jolla mitataan solukalvon lipi kulkevia ionivirtoja. lonikanavien
roolia RPE:n fysiologiassa arvioitiin kayttimalld farmakologisia yhdisteitd ja
mittaamalla RPE:n kykyd fagosytoida nikoaistinsolujen ulkojisenid. Vastaavaa
farmakologiaa sekd ELISA-menetelmdi kidytettiin ~ verisuonen endoteelin
kasvutekijin (vascular endothelial growth factor; VEGE) erityksen mittaamiseen.
Lisiksi laskennallisella mallinnuksella tutkittiin solun sisdistd ja solujen vilistd Ca2*
signalointia.

Tdssd tyossd loydettiin monipuolinen koneisto Ca2t, K+ ja Cl -kanavia
kantasoluista erilaistetusta RPE:std. Ndiden kanavien lokalisoituminen solukalvoilla
vastasi suurelta osin hiirestd saatuja tuloksia. K+*-kanava Kir7.1:n basolateraalinen
sijainti ja Ca2t-kanava Cav1.3:n apikaalinen sijainti RPE:ssd havaittiin tdssd tyOssi
ensimmaistd kertaa. Cav1.3:n ja RPE:n kehityksen vililli huomattiin yhteys, silld
Cav1.3:n lokalisaatio muuttui merkittivisti kudoksen kypsymisen my6ti. L-tyypin
Ca2t-kanavat osallistuivat my6s fagosytoosin ja VEGI:n erityksen sddtelyyn
kantasoluista erilaistetussa RPE:ssd. Lisdksi L-tyypin Ca2*-kanavista mitatut virrat
muistuttivat  tissd tyOssd natiivista hiiren RPE:std mitattuja  virtoja sekd
kirjallisuudessa esitettyji tuloksia. Kantasoluista erilaistetusta RPE:std mitatut K*-



virrat kuitenkin vastasivat vain osittain kirjallisuudessa esitettyjd natiivin aikuisen
RPE-kudoksen ominaispiirteitd, mutta osoittivat samankaltaisuutta
primaariviljelmistd tai natiivista sikion RPE:std saatuihin tuloksiin. Tastd johtuen
niihin kanaviin liittyvdt toiminnot voivat olla natiivia kudosta heikompia
kantasoluista erilaistetussa RPE:ssi.

Johtopiitoksend todettakoon, ettd ionikanavat ovat erityisen herkkid solujen
kypsyysasteelle ja viljelyolosuhteille. Tastd syystid kantasoluista erilaistetun RPE:n
toiminnallisen fenotyypin mairittiminen on tirkedd solujen kypsyyden ja
toimintakyvyn arvioimisessa. Ennen kaikkea tdssd tyOssd selvitetty laaja ja
funktionaalinen ionikanavien koneisto kertoo kuitenkin kantasoluista erilaistetun

RPE:n kiyton hyvistd mahdollisuuksista solumalleissa ja solusiirrehoidoissa.
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1 INTRODUCTION

Retinal pigment epithelium (RPE) is vital for retinal welfare and thus highly
important for our vision. RPE consists of a monolayer of polarized and pigmented
epithelial cells positioned next to the retina between the photoreceptors and the
choroid. RPE serves as the outer blood-retina barrier transporting ions, water,
nutrients, oxygen, and waste products, secreting growth factors, controlling the ionic
homeostasis of the subretinal space, retaining photoreceptor light sensitivity, and
maintaining their viability by the phagocytosis of the photoreceptor outer segments
(POS) [1, 2]. RPE has an essential role in the pathogenesis of degenerative eye
diseases, from which age-related macular degeneration (AMD) is the primary reason
of impaired vision among the elderly worldwide [3]. Currently, in Europe alone, 67
million people have been diagnosed with AMD [4]. Devastatingly, there is no
significant cure for retinal degenerative diseases with the present treatment strategies.

Stem cell technology with human embryonic stem cell (hESC) and human
induced pluripotent stem cell (hiPSC) derived RPE has improved the possibility to
develop model systems to investigate RPE functionality and RPE-related diseases
that can eventually lead to blindness [5-19]. Stem cell-derived RPE also provides
great potential for transplantation therapies that aim to replace the diseased RPE
with healthy stem cell-derived tissue [20-28]. Stem cell-derived RPE resembles the
native RPE in many respects, for example, in its capacity to secrete growth factors
[29-32] and phagocytose POS particles [10, 29, 32, 33]. However, there is only limited
information about the ionic signaling in stem cell-derived RPE [29, 30, 33]. Still,
transplantation therapies based on these cells have already proceeded to clinical trials
[20-28] without a detailed characterization of their electrophysiological properties.
The important ionic signaling mechanisms set the basis for RPE functionality via the
action of ion transporters and ion channels that regulate or execute the RPE-specific
functions. On the other hand, malfunctions in the ionic machinery may lead to
suppressed activity of the RPE so that it is unable to perform its important tasks
predisposing the retina to the pathogenesis of vision-threatening diseases.

The aim of this dissertation was to investigate the RPE physiology focusing on
the ionic signaling mechanisms of the RPE. This aim was driven by an overarching
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hypothesis that the stem cell-derived RPE expresses diverse machinery of functional
ion channels relevant to RPE physiology. Characterization of the ion channels
benefits the evaluation of stem cell-derived RPE for transplantation therapies and
its use as an RPE cell model in fundamental cell biology research as well as in the

studies of the pathogenesis of RPE-related diseases.
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2 LITERATURE REVIEW

2.1 The retina and the retinal pigment epithelium (RPE)

The human eye is an organ giving us visual ability. It can be divided into three regions
(Figure 1A): The outer region consisting of the cornea and the sclera, the middle
region including the iris, the ciliary body, and the choroid, and the inner region
consisting of the retina and the retinal pigment epithelium (RPE). The neural retina
is further organized in parallel layers (Figure 1B), with ganglion cells forming the
innermost layer followed by a layer consisting of bipolar cells, amacrine cells, and
horizontal cells, and the outermost layer formed by rod and cone photoreceptors.
Miiller cells extend throughout the retina from the ganglion cell level to the
photoreceptors. RPE underlines the neural retina, and these two tissues are in
intimate physical and functional interaction. [34]

The cornea is the most anterior part of the eye, and together with the lens, it
transmits light to the inner sections. The amount of light reaching the retina is
regulated by the iris that controls the size of the pupil. The cornea connected to the
sclera protects the eye against external and internal forces. Light travels to the back
of the eye, reaching the retina, where it is captured and conversed into an electrical
signal by the photoreceptors. [34] The photoreceptors have optimized their
functionality so that the cones dominate the bright light vision and are responsible
for detecting color and fine details, whereas rods with their high sensitivity are
responsible for the dim-light vision. The fovea is a specialized center for the sharp
vision that is devoid of rods and where the cones are densely packed. [35] The signal
from the photoreceptors is processed in bipolar, amacrine, horizontal, and ganglion
cells, with Miiller cells supporting the retina structurally and functionally. The
electrical signal is translated into nerve impulses by ganglion cells whose axons form
the optic nerve that sends the signal to the brain for further processing and visual
sensation. [34]
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Figure 1. Anatomy of (A) the eye and (B) the retina with the retinal pigment epithelium (RPE). The
black rectangle in the back of the eye highlights the retina, the RPE, and the choroid. The
image is re-drawn with modifications from Willoughby et al 2010 [34], Fu et al. 2020 [36],
and Keeling et al. 2018 [37].
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RPE is a monolayer of hexagonal and pigmented cells located between the
photoreceptors and the choroid, forming an epithelial barrier [1]. Tight junctions
have an essential role in this barrier since they connect the membranes of
neighboring cells with apical cell-cell junctions that prevent free paracellular
diffusion. The major proteins the tight junctions are composed of include claudins
with a regulatory function, occludins responsible for selectivity to different ions and
molecules, and zonula occludens (e.g., ZO-1), forming structural connections with
the actin cytoskeleton. [38] As a polarized epithelium, the apical and basolateral
membranes of the RPE differ in structure and membrane protein distribution [1],
for example, Na+/K+-ATPase localizes on the apical cell membrane [39-45]. Melanin
pigment granules appear in the apical cytoplasm of the RPE, and the apical microvilli
face the photoreceptor outer segments. The basolateral membrane of the RPE forms
deep folds and contacts the Bruch’s membrane, which locates above the fenestrated
choriocapillaris. [34]

The barrier structure, together with the ion transporters and ion channels, defines
the electrical properties of the RPE at the monolayer level. Transepithelial resistance
(TER) is often used to measure epithelial integrity that is usually over 200 £2-cm? in
RPE [31, 45-51]. Transepithelial potential (TEP) describes the voltage difference
between the apical and the basolateral cell membranes ranging from 1 to 6 mV so
that the basolateral membrane is depolarized compared to the apical membrane [31,
47-49, 51-53].

2.1.1  Functions of the RPE

RPE has many critical functions related to the maintenance of the photoreceptors
and our vision (Figure 2). The main RPE functions reviewed e.g., by Strauss 2005
[1] are transepithelial transport between the subretinal space and the choroid,
phagocytosis of photoreceptor outer segments, secretion of growth factors,
protection against photo-oxidation by the absorption of light, spatial buffering of
the ions in the subretinal space, and supporting the visual cycle. It is essential for the
visual ability that RPE performs its tasks properly since RPE dysfunctions often lead
to visual disorders and even blindness. [1]

RPE transports ions and water from the subretinal space to the bloodstream
benefiting the structural integrity of the retina by creating adhesion forces.
Intraocular pressure and the large metabolic activity of the neurons and the
photoreceptors produce water in the retina. The transport of water is mostly driven

17



by changes in potassium (K*) and chloride (Cl) concentrations that are tightly
coupled to the function of active transporters. [1] RPE also maintains the viability
of the photoreceptors by eliminating their metabolic end products, such as lactate
[54, 55]. In addition, RPE transports glucose [56, 57], vitamin A [58, 59], O2 [60, 61],

and docosahexaenoic acid [62, 63] from the bloodstream to the photoreceptors.

|Transport| |Phagocytosis | |Secretion|  Defence Spatial Visual
against buffering cycle
K* cr photo- of ions
water oxidation
lactic acid PEDF il

K* retinal

Apical

11-cis-

retinal

RPE cells

Basolateral

Glucose VEGF
Vitamin A

Figure 2. The main functions of the RPE: transepithelial transport, phagocytosis, secretion, defense
against photo-oxidation, spatial buffering of ions, and visual cycle. The image is re-drawn
with modifications from Strauss 2005 [1].

The present knowledge highlights the metabolic relationship between the RPE
and the retina as a metabolic ecosystem that promotes the survival of this ensemble
[60, 64]. The photoreceptors take up high amounts of glucose and convert it to
lactate, which further acts as a fuel for the neighboring retinal cells. Using lactate, the
photoreceptors also suppress the glycolysis in RPE, protecting the glucose so that
more of it reaches the retina. [64] Another important process of the metabolic
ecosystem is the malate-succinate shuttle that delivers unused reducing power, i.ec.,
electrons, from the hypoxic retina to the oxygen-rich RPE-choroid complex. The
hypoxic environment in the retina drives the cells to use fumarate as an electron
acceptor instead of Oz. The reverse succinate dehydrogenase reaction uses fumarate
to produce succinate, which is exported to the RPE-choroid complex and oxidized
to malate. Malate is then transferred back into the retina and converted to fumarate.
[60]
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The photoreceptors are exposed to high levels of light that cause the
accumulation of photo-oxidative radicals and photo-damaged molecules in the cell.
Therefore, the photoreceptors are renewed constantly, and the damaged tips of POS
are phagocytosed by the RPE. [65, 66] The apical membrane contains receptors, of
which av5 integrin facilitates POS binding and Mer tyrosine kinase (MERTK) POS
ingestion [65-68]. In digestion, the phagosomes mature during migration from the
apical to the basolateral direction. The final degradation occurs when a mature
phagosome unites with a lysosome forming a phagolysosome. [65, 66] POS
phagocytosis follows a circadian rhythm, and at least in rod-dominant species, the
highest activity takes place soon after the light onset [69-71].

RPE secretes several different growth factors to support the choriocapillaris and
the photoreceptors, including fibroblast growth factor (FGF), pigment epithelium-
derived factor (PEDF), and vascular endothelial growth factor (VEGF). [1] The
secretion of PEDF and VEGF is polarized so that PEDF is mainly secreted to the
apical side [46, 47, 72] and VEGF to the basolateral side [46, 47, 73, 74]. VEGF
stabilizes the endothelium of the choriocapillaris [75]. PEDF is a neuroprotective
factor and angiogenesis inhibitor, thus, it maintains the structure of the retina,
promoting the survival of the photoreceptors [76-78].

The combination of light focused on the retina and an oxygen-rich environment
with high blood flow of the choriocapillaris predisposes the retina to light and
oxygen-induced damage. To defend against these threats, RPE contains melanin
pigments in melanosomes that absorb and filter light. RPE also contains
antioxidants, including superoxide bismutase, catalase, and carotenoids that protect
RPE against photo-oxidation. [1, 79]

Following light detection in the photoreceptors, the K+ concentration in the
subretinal space decreases from 5 mM to 2 mM [80]. RPE compensates for these
fast changes in the subretinal ion composition by a process called spatial buffering
of ions which is important for the maintenance of photoreceptor excitability [1]. The
mild inwardly rectifying K+ channels are inversely dependent on the extracellular K+
concentration, and therefore, a decrease in subretinal K+ concentration increases the
conductance of these channels on the apical membrane [81-83]. This leads to the
recycling of K* ions across the apical cell membrane between the RPE and the
subretinal space. [1]

All-trans retinal is formed from 11-cis-retinal in the photoreceptors during
photon absorption, but the photoreceptors lack the ability to re-isomerize this
molecule. Therefore, in the visual cycle RPE re-isomerizes all-trans-retinal back into
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11-cis-retinal that is transported to the photoreceptors to maintain their light
sensitivity. [1]

2.1.2  RPE-associated eye diseases cause a loss of vision

Several RPE-related disorders, including age-related macular degeneration (AMD),
Stargardt disease, and bestrophinopathies, cause loss of vision and can eventually
lead to blindness. These diseases are inheritable or caused by daily environmental
stress in the eye. A common feature for them is the malfunctioning of the RPE
which leads to the destruction of the photoreceptors.

AMD is the primary cause of vision loss and blindness in Europe, especially
among the elderly. Currently, 67 million European people are influenced by any form
of AMD, and this number is predicted to increase to 77 million by 2050. [4] The
pathogenesis of AMD is a complex process. It involves the accumulation of
lipofuscin due to dysfunction of the RPE phagocytic and metabolic activity as well
as the formation of drusen between the RPE and the Bruch’s membrane. This
further activates chronic inflammation and choroidal or subretinal
neovascularization linked to unbalanced angiogenic signaling of VEGF and PEDF.
The new leaky vessels often bleed and form dense macular scars that are the main
reason for the final vision loss in AMD. The disease is called dry-AMD until it
proceeds to neovascularization, and after that, it is called wet-AMD. The traditional
therapies for the treatment of AMD include photodynamic therapy, transpupillary
thermotherapy, thermal laser photocoagulation, and injection of anti-angiogenic
agents. [84] These therapies only prevent the progression of dry-AMD to wet-AMD,
and no therapy is approved for the late form of dry-AMD since the restoration of
the damaged RPE cells or the photoreceptors is not currently possible. However,
several treatment strategies are under investigation considering nutritional
supplements, anti-inflammatory therapy, neuroprotective therapy, lipofuscin and
visual cycle inhibitors, and choroidal blood flow restoration agents. [85]

Stargardt disease is another common form of macular dystrophy, but unlike
AMD, it is common among children and young adults with a prevalence of 1:8000-
10000 [86]. This inherited eye disease is most often caused by mutations in ABCA4
gene. The development of visual disorders and blindness in Stargardt disease is
associated with the dysfunction of RPE that leads to the degeneration of the
photoreceptors. [87, 88|

20



Bestrophinopathies are inherited retinal dystrophies disturbing the vision. These
disorders are caused by over 250 different mutations in bestrophin-1 gene that codes
a Ca2*-activated Cl- channel in the RPE. The most common bestrophinopathy is the
Best disease, whose onset occurs during childhood or early adulthood with a
prevalence of 1:5000-1:67000. [89]

Currently, there is no cure to the retinal disorders originating in the RPE that
cause loss of vision and blindness. Gene therapy is under investigation, and it is a
potential treatment for visual disorders targeting specific genetic mutations in the
eye [90-92]. On the other hand, stem cell transplantation therapies aim to replace the
damaged RPE and restore the vision, and these treatments have already proceeded
on clinical trials [20-28]. In addition, the new disease-specific human RPE cell
models derived from stem cells provide a way to investigate the pathogenesis of
RPE-based diseases [5-19].

2.1.3  Stem cell-derived RPE in transplantation therapies and human cell
models

Stem cells are unique cells that have the ability to self-renew and produce specialized
progeny. Human embryonic stem cells (hESC) are pluripotent cells produced from
blastocysts. Human induced pluripotent stem cells (hiPSC) are derived from adult
somatic cells, such as fibroblasts, that are reprogrammed into a pluripotent state.
Both stem cell types can be differentiated into any cell type of the body. After various
cell cultivation steps that include differentiation and maturation, the cells develop
into hESC-RPE or hiPSC-RPE that are presently tested in clinical trials for cell
transplantation therapies and used as human cell models in health and disease, as
illustrated in Figure 3. [93]

Cell transplantation is a procedure where the cells, such as stem cell-derived RPE,
are delivered to the target site of the human body. The administration of the RPE
cells to the human retina can be performed either with cell sheets or cell suspension.
A subretinal cannula is used to inject the RPE cell suspension, while the
transplantation of the cell sheet requires a more invasive surgical procedure.
Therefore, the risk for surgical complications is higher with the cell sheet compared
to the cell suspension. [94]
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Figure 3. The origin and development of human embryonic stem cell (hRESC)-RPE and human
induced pluripotent stem cell (hiPSC)-RPE. The image is re-drawn with modifications from
Lutolf et al. 2009 [93].

22



The stem cell-derived RPE transplantation therapies are already investigated in
clinical trials for patients with AMD [20-26] and Stargardt disease [20, 22, 26-28],
aiming to improve the visual ability and evaluate the safety of the treatment. So far,
the clinical trials have mainly utilized the hESC-RPE cells [20, 22-28]. In most of
these studies, the visual ability was improved to some extent during the follow-up
period [20, 22, 23, 25, 26] showing signs of anatomic stability of the hESC-RPE or
integration of the transplant to the host [22-24, 26, 28]. No serious safety issues
resulting from the transplanted cells were reported, such as hyperproliferation,
tumorigenicity, or rejection-related inflammatory responses [20, 22, 23, 26-28].

The hiPSC-RPE provides an alternative to use patient-specific cell lines
reprogrammed from adult somatic cells. These cells can also be applied to targeted
gene therapy for transplantation that aims to correct the genetic defects using healthy
autologous hiPSC-RPE [95]. Mandai et al. presented an autologous hiPSC-RPE
sheet generated from skin fibroblasts that was transplanted under the retina in one
patient with neovascular AMD. After a one-year follow-up, the implanted hiPSC-
RPE sheet was intact, and the procedure did not affect the visual ability. [21]

The hiPSC-RPE is also a well-warranted human RPE cell model to investigate
the physiology of the RPE. In addition, the patient-specific or disease-specific
hiPCS-RPE is a useful tool to study the pathogenesis of RPE-derived retinal diseases.
The specific hiPSC-RPE cell lines are presently used to study physiological processes
such as phagocytosis [6, 7, 10, 15, 19], and diseases such as Bestrophinopathies [5,
8-12, 17], AMD [16], and Batten disease [13].

2.2 lon channels in the RPE function

The electrophysiological properties of the RPE are key determinants of cellular and
epithelial functionality and enable RPE to perform its functions that are critical for
retaining vision. Ionic signaling in the RPE combines the following aspects into a
functional entity: 1) Ion gradients are created and maintained by active ion
transporters across the cell membranes and membranes of the intracellular
organelles. 2) The work done by the ion transporters enables the ion channels to
conduct ions down the electrochemical gradients. 3) Ion transporters and ion
channels respond to external and intracellular conditions and specific stimuli
mediating cellular functions with either regulatory or direct roles. 4) The ionic
signaling mechanisms participate in numerous signaling cascades that control, for
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instance, transepithelial transport of ions and water, secretion, phagocytosis, and
ionic homeostasis of the RPE and the subretinal space.

2.2.1  lon transporters

Differences in ion concentration and charge between the inside and outside of the
cell generate an electrochemical gradient for an ion across the cell membrane. This
gradient drives the movement of ions down the electrochemical gradient, and at the
reversal potential of each ion type, the net movement of the ion ceases. In the RPE,
the extracellular ion concentrations are higher than the cytosolic ion concentrations
for Nat, Cl- and Ca?*, and at the resting membrane potential their driving force is
oriented inward of the cell. For K+ ions, the electrochemical gradient is the opposite
since the extracellular ion concentration is lower than the cytosolic. [2, 96] Ion
channels are membrane proteins that form pores to permit rapid, highly selective,
and tightly regulated ion movement down the electrochemical gradient. On the
contrary, active transporters move ions against the electrochemical gradient either
by hydrolyzing ATP (ATPases) or using the movement of an ion down its
electrochemical gradient to transport the other ion against its electrochemical
gradient (cotransporters and exchangers). The transporters have a critical role in
creating and maintaining the ionic gradients across the cell membrane enabling

complex ionic signaling and homeostatic regulation via ion channels. [97, 98]
Nat/K*-ATPase and Na*/K* | 2CI cotransporter

Na*/K*-ATPase maintains a steep Na* gradient between the extracellular space and
the cytosol. This gradient supports the transport of various ions, molecules, and
metabolic endproducts from the subretinal space into the RPE. [2] Several studies
have shown the presence of Na*/K*-ATPase in the native and cultured RPE
predominantly on the apical membrane [39-45]. The unique apical localization of
Na*/K*-ATPase is based on the opposite polatity of the entire membrane-
cytoskeleton complex [99] and the expression of the § subunit [100]. Misfunctions
in these mechanisms may cause Na*/K+-ATPase distribution also on the basolateral
cell membrane in the cultured RPE [41, 42, 45]. Modifications in Na*/K*-ATPase
activity were found to alter the tight junction structure and permeability [45]. In
addition, hyperglycemia impairs Na*/K*-ATPase function in the RPE cells, which
may contribute to the pathogenesis of diabetic retinopathy [101]. Apical Na*/K*-
ATPase together with apical Na*/K+/2Cl- cotransporter continuously transport K+
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into the RPE [2] and account for the transepithelial transport of ions and water [102-
100] that is controlled by the changes in extracellular K* and CI- levels [45, 104]. To
support the function of Na*/K*-ATPase, inwardly rectifying K+ (Kir) channel
Kir7.1 recycles the redundant K+ over the apical membrane [107, 108].

pH regulation by Na*/H* exchanger, Na*/ HCOs cotransporter, and Cl/ HCOj5 excchanger

The oxygen consumption of the photoreceptors increases in the dark which
produces CO; and water to the subretinal space. These metabolic byproducts are
transported to the choroidal blood supply by the RPE, which maintains the pH and
volume homeostasis of the subretinal space. [109] Apical Na*/H* exchanger [110-
112], apical Na*/HCOj  cotransporter [112, 113], and basolateral Cl-/HCOs-
exchanger [112, 113] are involved in the regulation of pH in the RPE and the
subretinal space. These functions are related to the transepithelial transport of
HCOs-. The stimulation of CI-/HCOs- exchanger is dependent on intracellular pH
so that it is activated by increased intracellular HCO3s concentration due to
alkalinization of the cytosol [112, 114]. This results in the acidification of the cytosol
that stimulates Cl- and water absorption across the RPE [109, 114]. In addition,
Na*/H* exchanger is involved in the control of the balance between autophagy and
apoptosis [115], and its function is downregulated by sustained elevation of
extracellular glucose [116].

Ca?* transport by Na*t/ Ca?* exchanger and Ca?*+-ATPase

A Nat*/Ca?* exchanger eliminates Ca2* efficiently from the cytoplasm. This way,
RPE can handle the large amounts of Ca2* that it contains. [2] The Nat*/Ca2*
exchanger in the RPE was identified as the cardiac type [117, 118] locating in the
apical membrane [119]. The Na*/Ca2* exchanger participates in the regulation of
thrombin-induced glutamate release from the RPE [120]. The removal of Ca?* from
the cytoplasm is supported by the Ca2*-ATPase on the plasma membrane, and this
transport is powered by the hydrolysis of ATP [121].

2.2.2  Potassium (K*) channels
Potassium (K*) channels form a prominent family of ion channels in the RPE. These

channels include voltage-gated K+ (Kv) channels, inwardly rectifying K+ (Kir)
channels, and Ca?* activated K+ channels, which are all constructed from four pore-
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forming subunits [2]. In this chapter, we focus on the beforementioned K* channels,
yet there exists also two-pore K+t channels in the RPE that are known to protect
RPE against oxidative stress [122]. In general, K+ channels participate in several RPE
functions such as control of cell volume [123, 124|, phagocytosis [125, 126], and
growth factor secretion [29], generation of the membrane potential [127], transport
of ions and water [2], and response to changes in illumination [80]. The main K*
channel subtypes in the RPE are summarized in Figure 4, and they are introduced in
detail in this chapter. Kv channels and Kir channels are investigated in the hESC-
RPE in this dissertation and will be covered in the results and discussion chapters
(Study II).
K’ recycling
Water absorbtion
Respond to changes in illumination

Phagocytosis
Secretion of growth factors

Apical Ky1.3 (DKVH mKiri’.l Kird.1
@E cell lJ " \

: s Tyrosine kinases ATP
Defence against oxidative stress oH
Secretion of growth factors BK Intracellular Ca®* Calmodulin
Phagocytosis &= 8 {mm Oxidative agents Cell volume
Cell volume ‘ ' Hypotonicity G-protein receptors

Mechanical stress

Basolateral (DK\A-Z [)O KCNQ5

Membrane potential
Cell volume

Figure 4. Schematic diagram of the localization, regulation, and function of K* channels in the RPE
including voltage-gated K* (Kv) channels, inwardly rectifying K* (Kir) channels, and Ca2*-
activated BK channels. Each K* channel type is presented with a different color. The
regulatory mechanisms of each ion channel are listed next to the arrows pointing towards
the ion channel, while the arrows pointing outwards the ion channel indicate the cellular
functions that the channel regulates.

Voltage-gated K+ (Kv) channels
A heterogeneous class of Ky channels conducts outward K* currents during

depolarization. This class is further divided into delayed rectifier K* channels,
KCNQ channels, and A-type K+ channels, and they differ in their activation and
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inactivation kinetics, voltage sensitivity, and selectivity to different pharmacological
modulators.

Delayed rectifier K+ currents have been measured from the native and cultured
RPE from different species [128-1306], including human [133] with nearly 100 %
incidence [131-136], meaning that this conductance is present in almost every
recorded cell. The currents have been reported to activate at around -30 mV [128-
136] and to be sensitive to extracellular Ba2+ [128, 131, 134], TEA [131-135] and
Agitoxin-2 [130, 136]. The sensitivity to Agitoxin-2 identifies the contribution of
Kv1.3 channel subtype to the delayed rectifier currents. The presence of Kv1.3 has
been verified by immunolabeling [136, 137] with localization to the apical membrane
of the RPE [137]. Tyrosine kinases regulate Kv1.3 by shifting their activation
threshold without changing the membrane potential [130].

KCNQ channels (KCNQ1-KCNQ5), also called Kv7.1-Kv7.5 channels, have an
essential role in RPE functionality as they participate in the generation of the
membrane potential [127] and control of the cell volume [123]. These functions
further promote the epithelial transport of ions and water [2]. Calmodulin [138], cell
volume [123], and G-protein coupled receptors [2] in turn control the KCNQ
channels. These channels conduct large and sustained M-currents that activate
approximately at -70 mV [127, 135, 139], and are sensitive to Ba2* [127, 135],
linopirdine [139] and XE991 [140], but are relatively insensitive to TEA [127, 131,
135, 139]. M-currents have been measured in the cultured and native RPE from
several species [81, 127, 131, 135, 139, 140]. The expression of KCNQ1, KCNQ4,
and KCNQ)5 has been reported in the native bovine [141] and monkey [140] RPE.
From these subtypes, only KCNQ5 has been found at the protein level [140, 141],
localizing to the basolateral membrane in the native monkey [140] and rat [138] RPE.
Furthermore, KCNQ4 and KCNQS5 were the main contributors to the M-currents
in the monkey RPE [139] which further highlights the significance of KCNQ5 in the
RPE.

In the mouse RPE, Kv1.4 localizes in the apical microvilli and Kv4.2 on the
basolateral membrane [137]. These channels conduct fast activating and transient A-
type currents, but functional currents have never been reported in the fresh native
adult RPE. Instead, A-type currents have been measured in the cultured primary
rabbit [134] and human [81, 133] RPE as well as in the fresh native human fetal RPE
(hfRPE) [133].
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Inmwardly rectifying K+ (Kir) channels

Despite the name, inwardly rectifying K+ (Kir) channels conduct both inward and
outward currents. They shift the membrane potential towards the K* equilibrium
potential that is negative to the typical resting potential of the epithelial cell. [2] The
property of inward rectification is caused by an internal Mg2* or polyamine block of
the channel pore [142].

Kir7.1 currents have been measured in the native and cultured RPE from several
species [80-83, 128, 129, 131-134, 136, 143, 144], including humans [7, 81, 133],
being the most prominent inward rectifier subtype in these cells. Typical features of
Kir7.1 currents are mild inward rectification [7, 80-83, 128, 129, 131-134, 136, 143,
144], higher conductance with decreased extracellular K+ concentration [81-83],
activation caused by hyperpolarization at around -70 mV [81-83, 128, 129, 131-134,
1306, 144], sensitivity to Rb* activation |7, 82, 145], as well as Ba2* and Cs* inhibition
[81-83, 128, 129, 132-134, 143]. Furthermore, Kir7.1 is regulated by intracellular
ATP [143, 144] and pH [145, 1406].

Kir7.1 localizes to the apical cell membrane in several RPE cell types [0, 7, 29,
80, 107, 108, 141], and the apical localization is important for RPE functionality. The
co-localization with Na*/K+-ATPase supports the K* recycling across the apical
membrane [107, 108]. This is critical upon illumination when the K* concentration
in the subretinal space decreases from 5 mM to 2 mM [80]. Kir7.1 also promotes the
absorption of water across the RPE, which helps to prevent retinal detachment by
attaching the retina to the proximity of RPE [2]. In addition, Kir7.1 participates in
the regulation of phagocytosis [6, 29] and secretion of growth factors [29]. In fact,
the loss of Kir7.1 function impairs phagocytosis and cell alignment [6], and therefore
recently, the possibilities of readthrough therapy and gene augmentation of Kir7.1
have been studied in Leber congenital amaurosis [7].

Contrary to the dominating channel type Kir7.1, strong inwardly rectifying Kir4.1
currents have been measured only from the native rat RPE [147] and the cultured
human RPE [81]. Immunolabeling has revealed channel localization in the apical
processes [29, 107, 147]. However, the Kir4.1 transcript has been absent in the native
bovine [108] and human [148] RPE. It has been suggested that Kir4.1 most likely
carries only a minor contribution to the macroscopic whole cell current in the RPE
when compared to Kir7.1 [82].
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Ca?*-activated Kt channels

Ca2*-activated K+ channels are divided by their conductance and pharmacological
properties into small conductance SK' channels, intermediate conductance 1K
channels, and large conductance BK or maxi K+ channels. All these channels are
gated by intracellular free Ca2*, and BK channels also by voltage. [2] In addition, BK
channels are regulated by oxidative agents [149], cell swelling induced by hypotonic
stress [124], membrane stretch [150], and Ca?* inflow through voltage-gated L-type
Ca2* channels [151]. The BK channels may further provide a negative feedback
mechanism to control the L-type Ca2* channels [151].

BK currents have been measured from the ARPE-19 cells [151, 152], the hiPSC-
RPE [29], as well as from the cultured human [124] and rabbit [153] RPE, and these
currents are blocked by iberiotoxin [124, 151, 153, 154]. RT-PCR revealed the BK
channel expression also in the freshly isolated human RPE [151], and the lateral
membrane localization was found by immunolabeling [29, 125]. In the RPE, BK
channels regulate cell volume [124], secretion of VEGF and PEDF [29], and
phagocytosis [125, 126] as well as its circadian rhythmicity [125]. They also
participate in the protection against oxidative stress [126, 154].

2.2.3  Chloride (CI) channels

Among chloride (Cl") channels, RPE expresses Ca2*-activated Cl- channels (CaCCs),
CIC channels, and cystic fibrosis transmembrane conductance regulator (CFTR)
channels (Figure 5). A diverse pattern of Cl- currents has been measured in the RPE
[155-158], participating in fluid transport, cell volume control, and pH regulation [2].
Below, the abovementioned Cl- channels will be introduced in detail. In addition,
these CI- channels are studied in the hESC-RPE as part of this dissertation and will
be covered in the results and discussion chapters (Study III).

Ca?*-activated CI channels (CaCCs)

Two types of CaZt-activated Cl- channels (CaCCs) have been identified in the RPE:
Bestrophin (Best) and Anoctamin (Ano) channels. They are anion, mainly CI,
conducting channels activated by elevations in intracellular Ca2*. [2] Best-1 localizes
near the basolateral membrane of the RPE [159-161], and it is modulated by direct
interaction of ATP [162]. Best-1 activity regulates transepithelial electrical properties
[163], Ca2* signaling [163], L-type Ca2* channels [164, 165], and phagocytosis [125,
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166]. Best-1 has also been found with subcellular localization in the fresh porcine
RPE mainly in the ER, where it most likely assists Ca2* uptake into Ca2* stores using
Cl- as a counter ion [159]. Indeed, Best-1 plays a role in intracellular Ca2* signaling,
since in primary cultures of wild-type mice, ATP stimulation led to increased
intracellular Ca2* concentration via its release from the ER, whereas in bestrophin-
1-deficient mice, the release of Ca2+ from the ER was reduced and, instead, also the
early endosomes were involved [159]. As stated earlier, mutations in the gene coding
Best-1 are associated with the pathogenesis of bestrophinopathies [167]. In addition,
Anol [168] and Ano2 [156] were found in the basolateral membrane of the RPE,
where they participate in the Ca2*-dependent Cl- conductance.
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Migration
Phagocytosis

Growth factor secretion ATP re!ease
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RPE cell 1 \
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Figure 5. Schematic diagram of the localization, regulation, and function of CI- channels in the RPE
including voltage-gated CI- channels (CIC), cystic fibrosis transmembrane conductance
regulator (CFTR), Anoctamin (Ano) channels, and Bestrophin-1 (Best-1). Each CI- channel
type is presented with a different color. The regulatory mechanisms of each ion channel
are listed next to the arrows pointing towards the ion channel, while the arrows pointing
outwards the ion channel indicate the cellular functions that the channel regulates.
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CIC channels

CICs are voltage-gated Cl- channels, which conduct inwardly rectifying currents after
activation by hyperpolarization [2]. RT-PCR and Western blot studies have revealed
the presence of CIC-2 in the RPE [158, 169], and immunolabeling has shown its
localization to the apical membrane [29, 170]. CICs contribute to RPE cell
proliferation [171], migration [171], phagocytosis [29], growth factor secretion [29],

and maintenance of the subretinal homeostasis [170].
Cystic fibrosis transmembrane conductance regulator (CFTR)

Cystic fibrosis transmembrane conductance regulator (CFTR) channels are ABC
transporters that open by conformational changes after ATP binding [2]. The gene
and protein level expression of CFTR channels has been reported in the RPE [158,
169, 172], where CFTR localizes to the apical and basolateral cell membranes [172].
CFTR channels are modulated by reactive oxygen species and antioxidative agents
[158], and they are involved in ATP release [173], and in the generation of

electroretinogram c-wave [174].

2.24  Sodium (Na*) channels

Two main sodium (Na*) channel families exist: voltage-gated Na* channels (Nav1.1—
Nav1.9) and epithelial Na* channels (ENaCa, 8, y, and 8) [2]. Generally, Nay
channels are responsible for action potential generation and propagation in excitable
cells [175], while ENaCs maintain the Na* homeostasis in epithelial cells [176]. Nav
channel subtypes Nav1.4, Nay1.6, and Nav1.8 have recently been identified from the
hESC- and mouse RPE, where these channels were shown to play an essential role
in phagocytosis [33]. Nay currents have been measured in the hESC-RPE [33] and
the sub-confluent RPE cultures [177-179], but not in their freshly isolated
counterparts. ENaC subunits $ and y were detected at the protein level in the human
RPE [180], but there is no evidence of functional ENaCs conducting currents in the
RPE.
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2.2.5  Calcium (Ca?*) channels

Ca2* channels on the RPE cell membrane enable the extracellular Ca2* influx into
the cell down its electrochemical gradient. These inward Ca2" currents increase the
intracellular free Ca2* concentration that further controls the critical RPE functions,
such as phagocytosis and secretion, to support the functionality and viability of the
retina and the photoreceptors. Voltage-gated Ca2* (Cay) channels, transient receptor
potential (TRP) channels, and ligand-activated Ca2* channels have been reported in
the RPE (Figure 6) and will be covered next. [2] In addition to these channels, RPE

expresses store-operated Orai channels [181, 182].
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Figure 6. Schematic diagram of the localization, regulation, and function of Ca2* channels in the
RPE including voltage-gated Ca2* (Cav) channels, transient receptor potential (TRP)
channels, and ligand-activated Ca2* channels. Each Ca2* channel type is presented with a
different color. The regulatory mechanisms of each ion channel are listed next to the
arrows pointing towards the ion channel, while the arrows pointing outwards the ion
channel indicate the cellular functions that the channel regulates.
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Voltage-gated Ca?* channels

Voltage-gated Ca2* channels (Cavys) are divided into L-type channels (Cavl.1-1.4),
N, P/Q and R-type channels (Cav2.1-2.3), and T-type channels (Cav3.1-3.3). a-
subunits of these ion channels form the functional channel pore, and B-subunits
modify the channel activity. [2]

In patch clamp measurements, Ba* is often used as a charge carrier since L-type
Ca2* channels are more permeable to Ba2* than Ca2* [2]. These channels are opened
at negative potentials by depolarization [183], and they conduct fast activating and
slowly inactivating currents [2]. L-type Ca2* channels are sensitive to dihydropyridine
derivatives nifedipine and (-)BayK8644 with inhibitory and stimulative effects,
respectively [164, 184-192].

L-type CaZ* channels are present in the cultured and native RPE [29, 125, 1306,
151, 164, 165, 184-194]. Even though subtypes Cav1.1-Cav1.3 are expressed in the
RPE [184], Cav1.3 is considered as the main subtype [125, 136, 164, 165, 184, 185,
191-193]. Cavl.3 has been detected on the basolateral membrane in the murine
[193] and porcine [165] RPE. L-type Ca2* channels participate in the regulation of
VEGTF [29, 185] and PEDF secretion [29], as well as the phagocytic activity [29, 125,
195]. They are also involved in the initiation of the inositol 1, 4, 5 - trisphosphate
(IP3) second messenger system [196]. Bestrophin-1 [194] and tyrosine kinases [190,
191, 196] are reported to regulate the L-type Ca2* channel activity, and bFGF
stimulates the L-type Ca2* channels by sifting their voltage-dependent activation
towards more negative potentials [2, 187, 192].

The expression of Cav2.x subtypes is not reported in the RPE [184]. Still,
transient T-type Ca2* currents have been measured from the RPE [184] carried likely
by subtypes Cav3.1 and Cav3.3 [29, 184]. T-type Ca2* channels have been found to
contribute to RPE physiology by the regulation of phagocytosis and VEGF secretion
[29].

In addition, this dissertation introduces new information related to Cay channels
in the hESC- and native mouse RPE that will be covered in the results and discussion
(Study I).

Transient receptor potential (TRP) channels
Transient receptor potential (I'RP) channels form a superfamily of channels with six

transmembrane segments. The channel subtypes vary in sequence homology,

selectivity to different cations, and activation mechanism. [197] From channel
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subtypes, Ca?*-selective vallinoid receptor (TRPV) channels, divalent cations
conducting melastatin (TRPM) channels, and non-selective canonical (TRPC) cation
channels have been found from the RPE. Indeed, several studies have presented that
the native and cultured RPE express TRPV1-TRPV6 channels [198-201]. TRPV4
localizes to the apical microvilli in the native hfRPE [201], and TRPV5 and TRPV6
to the apical and basolateral membranes in the native human RPE [198]. TRPV
channels participate in the regulation of phagocytosis [125, 198] and VEGF secretion
[199], maintain the Ca?" homeostasis [198], and likely participate in the Ca2* and
water movement [200]. In addition, RPE expresses TRPC1 [202, 203] and TRPC4
[201, 203] channels as well as TRPM1 [201], TRPM3 [201, 204], and TRPM7 [201]
channels, from which TRPC4 and TRMP3 are located on the apical side at tight
junctions and TRPM3 at the base of primary cilia [201].

Ligand-activated Ca?* channels

Adenosine triphosphate (ATP) and glutamate are possibly the most well-known
extracellular ligands binding to the ligand-activated Ca?* channels in the RPE. ATP
acts as an autocrine and paracrine extracellular messenger. It can bind to apical
purinergic P>X and P>Y receptors, from which P2X are ligand-activated Ca2*
conducting ion channels, and P>Y are G-protein-coupled receptors initiating an
intracellular second messenger cascade. [2] RPE can secrete ATP into the subretinal
space for autocrine stimulation of the ATP-receptors [173, 205, 206]. This secretion
is controlled by several factors, including growth factors [205], pyrimidines [205],
changes in tonicity [205], CFTR channels [173], and vesicular transport pathways
[173]. PoX [207, 208] and P2Y [2006, 207, 209-211] receptors are both present in the
RPE. P2Y receptors participate in the regulation of ion and water transport [211],
and P>X receptors contribute to apoptosis [208]. Dysfunctions in P> receptors could
underlie the pathogenesis and progression of the AMD [208, 212, 213].

RPE also expresses ligand-gated ionotropic glutamate receptors (iGluRs) [214-
218], and G-protein-coupled metabotropic glutamate receptors (mGluRs) [217, 218].
Both receptor types are activated by the extracellular neurotransmitter glutamate.
This leads to Ca2* elevations in the cytoplasm either directly by the opening of the
ion channel or via the G-protein cascade, respectively. Glutamate receptors may be
involved in the regulation of phagocytotic activity [215, 219] and cell proliferation in
the RPE [216]. Glutamate has been also found to trigger the release of ATP via
ionotropic N-methyl D-aspartate (NMDA)-receptors on the apical membrane that
may further amplify the glutaminergic signal by increasing the intracellular Ca2*. The
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interaction of glutaminergic and purinergic systems may control the light-induced
changes between the photoreceptors and the RPE. [214]

Stretch-sensitive Ca?* channels

Mechanical stimulation opens stretch-sensitive Ca2* channels (SSCCs) on the cell
membrane, and their closure is followed by relaxation or adaption to that mechanical
force. SSCCs are involved in the regulation of cell volume, shape, and motility in
different tissues [220], and they are also found in the RPE [221, 222].

2.3  Ca* signaling in the RPE

Ca2* is a cellular signaling molecule that directly modifies protein function and acts
as a second messenger. RPE cells maintain low intracellular free Ca2* concentration
by actively pumping Ca2* to the extracellular space and the endoplasmic reticulum
(ER). [2, 223] Specific for RPE, it also stores high amounts of Ca?* in the
melanosomes locating in the apical side of the cytosol giving RPE cells their typical
pigmentation [224, 225]. Ca2*-induced changes in cell function require controlling
the intracellular Ca2* level and the spatial- and time-dependent Ca2* distribution |2,
223]. In the RPE, Ca2* signals modify an array of processes, including phagocytosis
[29, 125, 195, 198], secretion [29, 185, 199], ion and water transport [200, 211],
apoptosis [208], and cell proliferation [216].

Several organelles, Ca2* channels, and Ca?* transporters need to collaborate to
generate the Ca2* signals. Na*/Ca2* exchanger and Ca?*-ATPase on the cell
membrane efficiently remove Ca2* from the cytosol and keep the Ca2* concentration
low at rest (Chapter 2.2.1). Ca2* channels, including Cays and TRP channels, conduct
Ca?* from the extracellular space to the cytosol down the electrochemical gradient
(Chapter 2.2.5). In addition, ligand-activated Ca?* channels, such as glutamate
receptors as well as P2X and P2Y> receptors, contribute to Ca2* signaling (Chapter
2.2.5). Next, we focus on the intra- and intercellular Ca2* signaling mechanisms
following the activation of the P2Y2 receptor and G-protein cascade. These
mechanisms include Ca?* release from the ER via IP; receptors (IPsRs) and
ryanodine receptors (RyRs), as well as Ca2t and IPs diffusion between the adjacent
RPE cells via gap junctions (GJs).

35



ATP or uridine triphosphate (UTP) binding to G-protein coupled P2Y> receptors
leads to phospholipase C (PLC) activation. At the cell membrane, PLC hydrolyses
phosphatidylinositol 4,5-bisphosphate (PIP2) to IP; and diacylglycerol. [226] IPs is a
powerful signaling molecule that diffuses fast in the cytosol interacting with the Ca2*
channels on the ER [227]. IP;Rs locate on the membrane of the ER conducting Ca2*
from the ER to the cytosol. The IP3R opening requires the binding of IP; which
increases the sensitivity of the receptor to Ca2*. At low Ca2* concentration, Ca2*
activates the IPsR, but at high Ca2* concentration, the effect changes to inhibitory.
[223] The IPsR subtype in the RPE is still unknown, however, subtype 3 (IP3R3) is
found in other epithelia [228-230]. Ryanodine receptors (RyRs) are also involved in
the Ca2* signaling in the RPE [151, 152, 221]. They contribute to Ca2* release from
the ER, and the elevation of the intracellular Ca2* level triggers the opening of RyRs.
Therefore, RyRs amplify the Ca2* signal via Ca2*-induced Ca?* release. The
continued rising of the Ca2* level eventually closes RyRs. [231] Ca2* is removed from
the intracellular space to the ER by the sarcoendoplasmic reticulum Ca2t-ATPase
(SERCA). There is indirect evidence of SERCA in the RPE obtained by depleting
the ER Ca2* stores using SERCA-specific blocker thapsigargin [222, 232].

Only a small proportion of Ca2* that enters the cytosol ends up as free
intracellular Ca2* since Ca2* is strongly buffered in the cytosol by Ca2*-binding
proteins such as calbindin and calretinin. The buffers modulate the amplitude and
the recovery time of the Ca2* signals as well as their spatial and temporal features.
[223]

RPE cells form intercellular connections via GJs, enabling the Ca2* or IP; signals
to propagate between the adjacent cells [2]. Several studies have shown that in the
RPE, GJs are involved in the intercellular signaling after mechanical stimulation [221,
232, 233]. GJs are composed of two connexons located at the membranes of two
neighboring cells, and together they construct a gap between them. Six connexin
proteins form each connexon. [234] Connexin 43 (Cx43) is the primary connexin
expressed in the RPE GJs [235, 236], and its expression is modulated e.g., by
extracellular glucose level and protein kinase C activity [221, 237]. In addition to gap
junction formation, Cx43 is involved in the regulation of VEGF secretion [238] and
the RPE differentiation via cyclic adenosine monophosphate (cAMP) signaling
[239].
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2.3.1  Computational Ca?* signaling models

A computational model approximates a real system with mathematical equations that
are simulated with computers. The model simplifies the real system, including only
the components that are considered the most relevant based on the previous
knowledge. Still, the models are well suited to interpret experimental data and predict
system behavior.

Several computational models are developed to describe the features of certain
receptors and cascades involved in Ca2* signaling. These include the ligand binding
to the metabotropic P2Y2 receptor following the G-protein cascade and the
production of IP; to the cytosol [226, 240], which leads to the activation of IP;R
[241-245] and RyR [246]. In addition, the influence of Ca2* buffers [244, 247],
SERCA pump [248], and Ca2* diffusion though GJs [244, 249] has been modeled to
describe Ca2* signaling.

Epithelial cell-type-specific models combine the knowledge of Ca?* signaling to
represent the epithelial tissue with characteristic properties using equations and
parameters. For example, in mouse mesothelial cells, Ca2* oscillations depend on IP3
concentration, while the frequency of oscillations is modified by Ca2* influx through
the plasma membrane and activity of the SERCA pumps [250]. Ca2* signaling is also
closely related to the modeling of wound healing [251, 252] and the epidermis [253],
as well as the urothelial cell functionality [254].

Several studies have investigated the role of Ca2* in the airway epithelium,
providing new knowledge about the system itself [255-257]. Warren et al. developed
a computational Ca2* signaling model of human airway epithelium that described the
interactions of ATP, Ca2*, and IP; in mechanically initiated Ca2* waves. A single cell
model was combined with a spatial model of a cell culture so that the extracellular
ligand and diffusion via GJs mediated the Ca2* signal. With this modeling approach,
they found evidence of regenerative ATP release downstream of the stimulated cell.
[255] They also modeled intracellular Ca2* oscillations that modified the fluid
secretion in the airway epithelium [256].

So far, to my knowledge, Ca?* signaling in the RPE is computationally modeled
for the first time in this dissertation and will be introduced in the materials and
methods, results, and discussion paragraphs (Study IV).
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3 AIMS

The overarching objective of this dissertation was to investigate the physiology of
the RPE with a focus on RPE ionic signaling. The general research hypothesis was
that diverse machinery of ion channels is present and functional in the stem cell-
derived RPE with high physiological relevance. The specific aims of this dissertation
are outlined below.

1. Characterize the electrophysiological properties of the hESC-derived RPE
(Study 1, II, III) focusing on voltage-gated Ca" channels (Study I), K+*
channels (Study II), and Cl- channels (Study III).

2. Compare the physiology of the hESC-derived RPE to its native counterpart
considering the ion channels described above (Study I, II).

3. Determine the role of voltage-gated Ca2* channels in the regulation of
phagocytosis, growth factor secretion, and RPE maturation (Study I).

4. Resolve Ca2* signaling mechanisms in the RPE by computational modeling
of Ca2* wave propagation induced by mechanical stimulation (Study IV).
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4 MATERIALS AND METHODS

4.1 Ethical view

The National Authority for Medicolegal Affairs, Finland (Dnro 1426/32/300/05)
approved the research with human surplus embryos, and a supportive statement was
obtained from The Local Ethics Committee of the Pirkanmaa Hospital District,
Finland (R05116). No new cell lines were derived in this study. The research with
hfRPE cells was in accordance with the Declaration of Helsinki and the NIH
institutional review board. Studies on C57BL/6 mice followed the Finnish Animal
Welfare Act 1986 and ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

4.2 RPE cells

Human embryonic stem cell (hESC)-derived RPE, isolated mouse RPE, cultured
human fetal RPE (hfRPE), and ARPE-19 cells were used in this study.

421 Human embryonic stem cell (hESC)-derived RPE (Study I, II, ll)

The hESC lines Regea08/023, Regea08/017, and Regeall/013 were cultured and
spontaneously differentiated in floating cell clusters as previously described [258,
259] (Study I, II, III). Pigmented areas of the floating aggregates were dissociated
after manual separation with TrypLLE Select (Invitrogen, UK), and the isolated cells
were seeded (5.5 X 105 cells/cm? onto Collagen IV (5 pg/cm?, Sigma-Aldrich, St.
Louis, MO) coated 24-well cell culture plates (Corning CellBIND; Corning, Inc.,
Corning, NY). This was followed by cryopreservation for the cell line Regeal1/013
[260]. The pigmented cells were passaged for maturation (2.5 X 105 cells/cm?) on
hanging culture inserts (polyethylene terephthalate, pore size 1 um, Merck Millipore)
coated with Collagen IV (10 pg/cm?, Sigma-Aldrich) or with Collagen IV and
laminin (1.8 pg/cm?2, LN521, Biolamina, Sweden). The cells were further cultured in
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the hESC-RPE culture medium until mature monolayers were obtained. The hESC-
RPE culture medium consisted of KnockOut™ D-MEM (500ml) supplemented
with KnockOut™ Serum Replacement (90ml), GlutaMAX™ (6ml), Penicillin-
Streptomycin  (3ml), and B-mercaptoethanol (1.2ml) (all from ThermoFisher
Scientific) and Minimum Essential Medium nonessential amino acid solution (6ml,
BioNordika Oy). For the patch clamp experiments with single cells, the mature
monolayers were dissociated with TrypLE Select, and the cells attached on coverslips
coated with poly-l-lysine (Sigma-Aldrich). For the monolayer patch clamp
measurements and for immunolabeling, the hESC-RPE monolayer on the insert
membrane was removed from the insert and cut into several pieces.

TER values were measured during cell culturing to investigate the integrity of the
hESC-RPE, and the experiments of this thesis were performed on monolayers with
TER values over 200 €-cm?. In addition, strong pigmentation and cobblestone
morphology were used as other indicators of the hESC-RPE maturity. A set of
immunostainings was routinely performed on the hESC-RPE covering at minimum
F-actin staining with phalloidin, ZO-1, claudin-3, CRALBP, Na*/K+-ATPase, and
bestrophin-1 (primary antibodies listed in Table A1) that together give information
about the maturity and polarization of the tissue.

4.2.2  Native mouse RPE (Study I, II)

C57BL/6 mice (Study I, II) at the age of 8-12 weeks wetre euthanized by
COz inhalation and cervical dislocation. After this, the eyes were enucleated and
bisected along the equator. In Ames' solution (Sigma-Aldrich) supplemented with
10 mM HEPES (pH ~7.4), the retina was carefully removed, leaving the RPE firmly
attached to the eyecup. The mouse RPE cells were isolated from the eyecup
preparations for patch clamp experiments either using TrypLLE Select (15 minutes)
or 25 U/ml activated papain (Sigma-Aldrich, 30 minutes) and measured within 6
hours. The detailed protocol is presented in Study I and Study II.

423  Cultured human fetal RPE (hfRPE) (Study Il)

The human fetal RPE (hfRPE) cells (Study II) were received as a generous gift from
National Eye Institute, NIH (NEI), and the cells were cultured to confluent and
mature monolayers as described before [47]. The cells (106 cells/cm?) were seeded
on human extracellular matrix (ECM)-coated (3 pg/cm?, Corning, UK) inserts (pore
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size 1 um, Merc Millipore, Germany). For the patch clamp recordings, the cells were
isolated from the inserts with Trypsin (Lonza, Walkersville, MD).

424  ARPE-19 cell line (Study IV)

ARPE-19 is an immortalized human RPE cell line (Study IV), and the ARPE-19
cells were cultured as previously described [232] on coverslips or glass-bottomed
dishes at a density of 1.5 x 105 cells/cm?.

4.3  Patch clamp recordings and data analysis (Study I, Il Il)

Patch clamp measurements (Figure 7) were performed at room temperature (RT) in
whole cell configuration and voltage clamp mode by recording individual cells in the
hESC-RPE monolayer (Study III) or dissociated single hESC-RPE (Study I, II),
mouse RPE (Study I) and hfRPE (Study II) cells. Patch pipettes (resistance 4-8
MQ) were filled with internal solution (Table 1). The pH was adjusted to ~7.2
(CsOH or KOH), and osmolarity was adjusted to ~290 mOsm (sucrose). In test
conditions, the content of CaClz in Cl- internal solution (Study III) was decreased
to 0 mM.

Table 1. Internal solutions for patch clamp measurements used for the indicated ion channels.

Component Ca? channel internal | K* channel internal CI- channel internal
solution (in mM) solution (in mM) solution (in mM)
(Study 1) (Study 1) (Study Ill)

ATP-Mg 4 4 4

CaClz 0.5 0.5 0.5

CsCH3SO0s 83 -

CsCl 25 - 130

EGTA 5.5 55 55

GTP-Na 0.1 0.1 0.1

HEPES 10 10 10

KCl 25

K-gluconate 83

Lidocaine N-ethyl chloride -

NaCl 5

TeaCl 5
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RPE cells were perfused with external solutions presented in Table 2. The pH
was adjusted to ~7.4 (NaOH) and osmolarity to ~305 mOsm (sucrose). In certain
experiments, BaCl> concentration in Cay external solution was decreased from 10
mM to 1 mM (Study I). In addition, voltage-gated K* channels were also
investigated using Ames’ solution (Sigma-Aldrich) supplemented with 10 mM
HEPES and 10 mM NaCl (Study II).

Rfeedback

Amplifier

' > Computer

Data analysis

Gravity
driven
perfusion:
extracellular
solution

Vemd

Ground electrode

Recording chamber

Objective

Microscope and
camera

Computer

Figure 7. Schematics of the patch clamp method. The extracellular solution from a gravity-driven
reservoir perfuses the cell in the recording chamber. The cell is visualized by a microscope
that is connected to a camera and a computer. In whole cell configuration, the glass
micropipette containing the intracellular solution and the electrode wire form a gigaseal
with the cell membrane, and once this is obtained, the cell membrane facing the interior of
the glass pipette is ruptured by suction. In voltage clamp mode the membrane potential is
controlled by the user, and the membrane current is measured. Voltage clamp operation is
based on an electronic feedback system where the measured potential is compared with
the command voltage (Vemd). The output is connected to a computer, and the recorded
current is later processed in the data analysis. The image is re-drawn with modifications
from Okada 2012 [261].
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An L-type Ca2* channel activator 10 uM (-)BayK8644 (Sigma-Aldrich) and an
inhibitor 10 uM nifedipine (Sigma-Aldrich) were used to characterize the voltage-
gated Ca2* channels in the hESC-RPE (Study I). Different K+ channel blockers
were used to study the voltage-gated K+ channels in detail, including 5 mM BaCla,
20 mM TeaCl, 10 nM Agitoxin-2 (Alomone), and 300 nM linopirdine (Sigma-
Aldrich) (Study II). For the enhancement of the Kir currents, the K+ external

solution was modified so that NaCl was replaced by an equivalent amount of RbCl

(Study II).

Table 2. External solutions for patch clamp measurements used for the indicated ion channels.

Component Ca? channel external K* channel external | CI- channel external
solution (in mM) solution (in mM) solution (in mM)
(Study I) (Study 1) (Study 1l

BaClz 10 - -

CaClz 1.1 1.1 1.1

Glucose 5 6 5

HEPES 10 10 10

KCl - 3 -

MgClz 1.2 1.2 1.2

NaCl 120 120 130

TeaCl 5 - 5

The Axopatch200B patch clamp amplifier was connected to an acquisition
computer via AD/DA Digidatal440 (Molecular Devices, CA). Access resistances
were below 30 M€2 and membrane resistances were above 200 M€. Significant liquid
junction potentials were corrected in the data analysis. The peak value of the current
was plotted against applied voltages to obtain the current-voltage (IV)-curve using
either Clampfit 10.5 or an earlier version or Python 3.8 and the pyABF module [262].
The averaging, normalization, and statistical analysis were performed with Excel or

with Python 3.8. pandas, numpy, sklearn, and scipy modules.

44  Immunofluorescence and confocal microscopy (Study |, I,
11, 1V)

Immunofluorescence labeling was used to localize the ion channels of interest from
the RPE. hESC-RPE monolayers, mouse RPE eyecup whole-mount preparations,
and ARPE-19 cells were processed as described in Study I, IT, III, IV. The staining
protocol for paraffin-embedded vertical sections of the hLESC-RPE monolayers and
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the mouse eyecups is described in Study I and Study II. All samples were fixed with
4 % paraformaldehyde (Sigma-Aldrich) for 15 minutes at RT. The primary
antibodies used in this dissertation are listed in Appendix 1, Table Al, and the
secondary antibodies in Appendix 1, Table A2. The samples were imaged by Zeiss
LSM780 confocal microscope (Zeiss, Jena, Germany) using Plan-Apochromat
X63/1.4 oil immersion objective setting the image size to 1024 X 1024 pixels. The

images were saved in czi-format for further processing with ImageJ [263].

45  Phagocytosis assay (Study I)

Pulse-chase phagocytosis assay was used to investigate the role of voltage-gated Ca2*
channels in the regulation of POS phagocytosis in the RPE (Study I). POS particles
were obtained from fresh porcine eyes as described before [259, 264]. In the pulse
phase, POS containing control medium or medium with a drug (10 pM (-)BayK8644,
10 uM nifedipine, or 5 pM T-type Ca2* channel inhibitor MI.218 (Sigma-Aldrich))
were incubated on the apical sides of the hESC-RPE inserts (30 minutes at 37 °C).
In the chase phase, the cells were further incubated after washing out the unbound
POS particles (2 hours at 37 °C). Then, the samples were fixed and immunolabeled
as described in Study I using the primary antibodies opsin and ZO-1. Large random
fields were imaged using the Zeiss LSM780 to count the POS particles with n = 15—
16 images (3 inserts, 5-6 images per insert).

46  VEGF-ELISA (Study I)

VEGF Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D
Systems, MN) was used to assess VEGF secretion in the hESC-RPE following the
manufacturer's instructions (Study I). In the control condition, the hESC-RPE
culture medium samples were collected separately from the apical and basolateral
sides of the insert after 24 hours of incubation to investigate the polarized VEGF
secretion. Combined samples of the apical and basal hESC-RPE culture medium
were collected to study the effect of Cay channel modulators (10 uM (-)BayK8644,
10 uM nifedipine, or 5 uM ML218) on the total VEGF concentration. The VEGF
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concentration was normalized to the number of cells counted from images obtained
with Zeiss LSM780.

4.7  Statistical analysis (Study I, II, IIl)

The data is stated as mean = SEM (n, p), where n refers to the number of samples
and p refers to the statistical significance. Some of the data sets did not meet the
normality criteria tested with the Shapiro-Wilk normality test, and therefore the p-

values were calculated using the Mann-Whitney U test.

48  Ca?imaging (Study IV)

Ca2?* imaging was done as previously described [232] to study the Ca?* wave
propagation induced by mechanical stimulation in the RPE monolayer. Briefly, the
ARPE-19 cells were loaded with fura-2-acetoxymethyl ester (fura-2 AM; Invitrogen,
Molecular Probes), a Ca2*-sensitive fluorescent dye with emission at 505 nm and
excitation changing from 340 nm to 380 nm following calcium binding. Single cell
mechanical stimulation was performed using a glass micropipette that perforated the
mechanically stimulated (MS) cell to initiate a Ca* wave. The Ca?* wave propagation
was measured with an Olympus IX51 fluorescence microscope and ANDOR iXion
885 camera. The emitted fluorescence intensity ratio (F340/F3s0) was obtained by the
excitation at 340 and 380 nm with Polychrome V and determined for each cell after
background correction. Normalized fluorescence (NF) was calculated so that the
fluorescence was divided by the mean fluorescence before the mechanical
stimulation. This value reflects the relative changes in intracellular
Ca?* concentration.

For the construction of the computational model of Ca2* signaling after
mechanical stimulation (Study IV), the experimental data of Abu Khamidakh et al.
[232] was used and supplemented with new data forming three data sets: control data
set, a-glycyrrhetinic acid (GA) — treated data set (GJs blocked), and GA-suramin-
treated data set (GJs and Pz-receptors blocked), n = 3 for each set. For the GA-
treated data set, the cells were incubated in a solution containing 30 uM GA
(SigmaAldrich) for 30 minutes [232], and for the GA-suramin-treated data set, the
solution also contained 50 pM suramin (SigmaAldrich).
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49  Computational modeling (Study 1V)

After the mechanical injury in the MS cell, the Ca2* wave traveled over the ARPE-
19 monolayer. The Ca2* wave spread from the MS cell to the immediately
surrounding neighboring (NB) cells defined as the first NB layer (NB1), following
the cells surrounding the NB; cells defined as the second NB layer (NB2) and so
tforth (Study IV, Figure 1).

To gain the new understanding of Ca2* signaling in the RPE, a computational
model was constructed based on the literature evidence of the ion channels, pumps,
and cell organelles that are most relevant for the process. The six model components
that were combined in this study were (Figure 8): (I) stretch-sensitive Ca2* channel
(SSCC) (model component designed in this study), (II) P2Y2 receptor [226], (I1I)
IPs receptor type 3 (IP3Rs) [245], (IV) ryanodine receptor (RyR) [246], (V) the
commonly known model for sarco/endoplasmic reticulum Ca2*-ATPase (SERCA)
and plasma membrane Ca2*-ATPase (PMCA), and (VI) gap junctions (G]Js)
connecting the neighboring cells. The model assumes that these components
participate in the Ca2* signaling as follows (Study IV, Table 1):

@ The MS cell and the closest neighboring cell layers experience stretch
that leads to the opening of SSCCs. This allows Ca2* inflow into the cell.

(1D The stimulated ARPE-19 cells secrete ligand (ATP or UTP) to the
extracellular space, where it binds to the G-protein coupled P.Y:
receptor leading to the production of IP; to the cytoplasm.

(III)  IPs interacts with IP3R3 releasing Ca2t from the ER to the cytoplasm.

(IV)  The increasing cytoplasmic Ca2* concentration activates RyRs which
leads to an additional Ca2* outflow from the ER.

V) SERCA and PMCA pump Ca?* to the ER and extracellular space,
respectively. IP3 degrades in the cytoplasm.

(VI)  Ca?t and IP; diffuse between the NB layers through GJs.

These actions related to the model components (I-VI) are mathematically
presented as a collection of Ca2* fluxes that cause the time-dependent changes in

intracellular Ca2* concentration [Ca2*]; as follows

da[ca?*],
o = Jsscc T Jipsry T Jryr = Joump t Jrear /6y ca?+
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Figure 8. Schematics for the Ca?* signaling in the RPE, where [Ca?*]i presents the cytoplasmic Caz*
concentration, [IPs] cytoplasmic inositol 1, 4, 5 - trisphosphate concentration, [L] the
extracellular ligand concentration, and @ the degradation of IPs. Roman numerals |-V
designate the model components (1) stretch-sensitive Ca2+ channels (SSCC), (1)
purinergic receptor P2Yz, (IIl) IP3 receptor type 3 (IP3Rs), (IV) ryanodine receptor (RyR),
(V) sarco/endoplasmic reticulum Ca2*-ATPase (SERCA) and plasma membrane Ca2*-
ATPase (PMCA), as well as (V1) gap junctions (GJs). Leak refers to a combinatory Ca2*
leak from the extracellular space and the endoplasmic reticulum (ER) to the cytoplasm.
The image is reproduced under the terms of the Creative Commons Aftribution License
from Study IV.

where subscripts describe the source of the flux according to the nomination
presented above. The detailed model equations are presented in Study IV for each
component. The abovementioned three data sets (control, GA-treated, and GA-
suramin-treated) were simulated with the model. First, the model without GJs was
created, and parameters were optimized using the GA-treated data set. Then, the
model was revised with the control data set, where the GJ model component was
included. Finally, the model was applied to predict the influence of GA and suramin
on Ca?* signals. The experimental work produced Ca2* data in relative NF units

lacking the absolute concentration reference. The computational model presents
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absolute Ca2?* concentrations, and thus, the model predictions are considered only
relative.

The parameters are presented in Study IV Table 2. Most parameters and initial
values were reused from the models of Lemon et al. 2003 [226], LeBeau et al. 1999
[245], and Keizer & Levine 1996 [240] or fitted with Matlab SimBiology (R2012a,
The MathWorks, Natick, MA) using the Parameter Fit Task. The solver type was set
to ode45 (Dormand-Prince), the maximum iterations to 100, the error model to
constant error model, and the simulation time step to 0.1 seconds. First, the
parameter values were fitted with GA-treated data set in the NBs layer having the
largest Ca2* response from those NB layers that exclude (I) SSCC and (VI) GJ model
components. Then, the SSCC model component was included in NB; layer,
experiencing the largest stretch using the same GA-treated data set. The parameters
for the GJs were fitted in the control data set in the NBy layer. Three parameters
were assumed to vary based on their distance to the MS cell: stretch (0) activating
the SSCCs, the extracellular ligand concentration ([L]), and the phosphorylation rate
of IP5R3 (o4) (Study IV, Table 3).

The uncertainty of selected parameters was assessed with sensitivity analysis: Ca2*
wave peak amplitude, time to peak, Ca2t wave width at half maximum, and Ca2*
concentration at the end of the Ca2* wave. In addition, the model was used to
investigate the mechanism by which suramin modulates the Ca2* signaling in the
ARPE-19 cells by comparing the selected parameters of the P>Y> receptor and G-
protein cascade between the GA-treated data set and the GA-suramin-treated data
set. Finally, the model was tuned to the GA-suramin-treated data set by refitting the
parameters that changed the Ca?* curve towards suramin modulation.
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5 RESULTS

5.1 Ca%, K¢, and CI- channels in the hESC-RPE (Study |, I, l1)

Different ion channels were studied in the hESC-RPE using immunostainings,
confocal microscopy, patch clamp, phagocytosis assay, and ELISA. Several
functional ion channel types were found, including voltage-gated Ca2*+ channels, K+
channels, and Cl- channels. These ion channels are highly important for RPE
functionality and for maintaining the visual ability in the eye. The L-type Ca%*
channels in the hESC-RPE were comparable to studies from the fresh native RPE,
and they were linked to the regulation of phagocytosis, VEGF secretion, and
maturation. However, when the amplitude and the incidence of the K+ currents were
compared to the literature, hESC-RPE did not cover all the features of the fresh
native adult RPE but resembled more the fresh native hfRPE or the primary RPE
cultures.

5.1.1  Localization of the ion channels in the hESC- RPE and comparison to
the native mouse RPE (Study I, I, 1)

Localization of Ca2*, K, and CI- channels were investigated in the hESC-RPE by
immunolabeling and confocal microscopy. Figure 9 demonstrates the distribution of
ion channels on the apical and basolateral membranes in the hESC-RPE. Typical for
the RPE, K* channels Kv1.4, Kir4.1, and Kir7.1 were observed at the apical
membrane, and Best-1, Cavyl.2, Cayl.3, Kv4.2, and KCNQ5 at the basolateral
membrane. In addition to these, channel subtypes Cavl.3, Cav3.1, Kv4.2, and
KCNQ2-3 were found at the apical membrane, and Cav3.2, Kir7.1, and KCNQ2-4
at the basolateral membrane. KCNQ1, Kv1.3, CIC-2, and CFTR were detected by
immunolabelling, yet, with uncertainties in the exact localization.

The localization of Ca?* and K* channels in the hESC-RPE was compared to the
native mouse RPE, and the original confocal images can be found in the publications
according to Table 3. The localization pattern in the hESC-RPE was closely similar
to the mouse RPE with some exceptions: First, Cay3.1 stained the apical membrane
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in the hESC-RPE, while in the mouse RPE, it was observed in both apical and
basolateral membranes. Second, Kir7.1 was detected at the apical and basolateral
membranes in the hESC-RPE and additionally at the lateral membrane in the mouse
RPE. Third, Kv4.2 was detected only at the basolateral membrane in the mouse RPE
while appearing both at the apical and basolateral membranes in the hESC-RPE.
Fourth, the junctional localization of Ky1.4 and KCNQ3 was not observed in the
mouse RPE even though it was present in the hESC-RPE. Fifth, KCNQT1 localized
clearly on the apical and basolateral membranes in the mouse RPE, but the
localization in the hESC-RPE was uncertain.

Cayl.3 Cay3.1 Kyl.4 K4.2 Kird.1l Kir7.1 KCNQ2-3

MV b e N

hESC-RPE cell

Bestl Cayl.2 Cayl.3 Ca,3.2 Kvd.2 Kir7.1 KCNQ2-5

Immunopositive with
uncertain localization:

0w

KCNQ1 Ky1.3 CIC-2 CFTR

Figure 9. Localization of the ion channels in the hESC-RPE at the apical and basolateral
membranes considering the following channels: Cl- channels including Best-1, CIC-2, and
CFTR (red), from which the localization of CIC-2 and CFTR were unclear, L-type Ca?*
channels Cav1.2 and Cav1.3 (green), T-type Ca2* channels Cav3.1 and Cav3.2 (orange),
A-type K* channels Kv1.4 and Kv4.2 (yellow), inwardly rectifying K* channels Kir4.1 and
Kir7.1 (blue) as well as KCNQ channels KCNQ1-5 (purple). Delayed rectifier channel
Kv1.3 (brown) was immunopositive with inconclusive localization.
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Interestingly, Cav1.3 was found at the apical membrane in both hESC- and
mouse RPE. According to our results (Chapter 5.1.3), Cav1.3 participates in the vital
RPE functions such as phagocytosis, VEGF secretion, and maturation, where the
newly detected apical localization may play a critical role. In addition, Kir7.1 typically
localizes on the apical membrane as shown here for the hESC-RPE and the mouse
RPE, however, this study clearly presented its basolateral localization as well in both

cell types.

Table 3. Localization of ion channels in the hESC- and mouse RPE. The localization of each
ion channel in the hESC-RPE is compared to the mouse RPE, and the original
confocal images are listed in the table.

lon channel | Localization in hESC-RPE | Compared to mouse RPE Study | Figure

Best-1 Uniform, basolateral - [-1I-111 3F-1G-3A
membrane

Cav1.2 Basolateral membrane Similar | 3G, 4F

Cav1.3 Apical and basolateral Similar | 3D, 3H, 4D, 4G
membrane

Cav31 Apical membrane Both apical and basolateral I 3E, 3l,4E, 4H

membrane

Cav3.2 Junctional and basolateral Similar | 3J, 4l
membrane

CFTR Annular structures - 1l 3B

ClCc-2 Junctional, cell centers - 11l 3C

Kird.1 Apical microvill Similar Il 5E, 6A

Kir7.1 Apical and basolateral In all membranes: apical, Il 5F, 5G, 6B, 6D
membrane basolateral and lateral

Kv1.3 Inconclusive Similar Il S1A, S1B

Kv1.4 Junctional, apical membrane | Only apical membrane Il 4C, 6C

Kv4.2 Apical and basolateral Only basolateral membrane Il 4D, 6E
membrane

KCNQ1 Inconclusive Apical and basolateral Il 3G, 6F, S2A, S2F

membrane

KCNQ2 Apical and basolateral Similar Il 3H, 6G, S2B,
membrane S2G

KCNQ3 Junctional, apical and Only apical and basolateral Il 31, 6H, S2C, S2H
basolateral membrane membrane

KCNQ4 Basolateral membrane Similar Il 3J, 61, S2D, S2I

KCNQ5 Basolateral membrane Similar Il 3K, 6J, S2E, S2J

As an example of the immunostainings and confocal images, the localization
pattern of L-type Ca2* channel Cav1.3 is presented in Figure 10 for the hESC-RPE
monolayer (Figure 10A) and vertical section (Figure 10C) as well as for the mouse
RPE whole-mount preparation (Figure 10B) and vertical section (Figure 10D).
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Cav1.3 appears as continuous apical staining in the hESC- and mouse RPE
monolayer, while its basolateral localization is revealed in the vertical sections of

both cell types
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Figure 10. Immunostainings of L-type Ca2* channel Cav1.3 in the hESC- and mouse RPE. Confocal
images of (A) the hESC-RPE and (B) the mouse RPE monolayers illustrated with xy-
maximum intensity projections and yz-confocal sections (white bar denotes the localization
of the section) for actin cytoskeleton (phalloidin, red) and Cav1.3 (green). Confocal images
of RPE vertical sections with xy-maximum intensity projections (apical side upwards): (C)
the hESC-RPE, where nuclei (DAPI, blue) were stained together with Cav1.3 (green), and
(D) the mouse RPE, where bright-field (BF) image was presented together with Cav1.3
(green). Scale bars 10 um. The image is reproduced and modified under the terms of the
Creative Commons license from Study I.
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5.1.2  Characterization of the ion currents in the hESC-RPE (Study |, II, 1l)

Ton currents through Ca2*, K+, and CI- channels were measured using patch clamp
method revealing L-type Ca?* channels, delayed rectifier K+ channels, KCNQ
channels, A-type K* channels, inwardly rectifying Kir channels, and CI channels in
the hESC-RPE.

The L-type Ca2" channels were activated at low potentials and reached the
maximum at 10 mV according to the IV-curve (n = 9), when stimulated with a 50
ms voltage pulse from -80 mV to 60 mV in 10 mV increments (Study I Figure 1C,
1D). This slowly inactivating current was further studied by modulating the
extracellular conditions. Decrease of the extracellular Ba2+ from 10 mM to 1 mM
decreased the maximum current density from 2.4 + 0.5 pA-pF! (n = 9) to 1.3 £ 0.3
pA-pF! (n = 7) characteristic to the L-type Ca2* channels (Table 4, Study I Figure
1F). Furthermore, the currents were activated by 10 uM (-)BayK8644 (Table 4,
Study I Figure 2A, 2C, 2E) and inhibited by 10 pM nifedipine (Table 4, Study I
Figure 2B, 2D, 2F). The slowly inactivating current features resembled those
measured from the native mouse RPE in this study (Study I Figure 4A). The
currents in the mouse RPE activated at low potentials, and the maximum current
occurred at 20 mV with the current density of 2.3 = 0.6 pA-pEF! (n = 4) (Study I
Figure 4B). Fast transient currents resembling T-type Ca?* channels were also
recorded from three hESC-RPE cells, however, they were not further characterized
(Study I, Figure 1G).

Table 4. The influence of ion channel modulators on the currents. The ion channel, modulation,
resulting change, and original representations are listed below.

lon channel Modification Change Study | Figure
Cav1.3 10 uM (-)BayK8644 +80+9% (n=3)* | | 2A, 2C, 2E
Cav1.3 10 uM Nifedipine -56+5 % (n=4)* I 2B, 2D, 2F
Cav1.3 10 mM Ba?* - 1 mM Ba2 46 % (n=7-9)* I 1F
CI- channels intracellular 0.5 mM Ca2* - 0 mM Ca?* | ~-50 % (n = 3) | 2
Kir7.1 120 mM NaCl = 120mM RbClI +319£76 % (n=8)* | |l 5C, 5D
Kv1.3 10 nM Agitoxin-2 51£9% (n=4)* I 2G,2H
KCNQ channels 300 nM linopirdine 57£10% (n=3)* I 3E, 3F
K* channels 5 mM Ba?* -1943% (n=15)"* I 2C, 2D
K* channels 20 mM TEA 569 % (n=7)* I 2E, 2F

*Statistically significant p < 0.05

A heterogeneous pattern of K* channels was found in the hESC-RPE, including
delayed rectifier K+ channels, KCNQ channels, A-type K* channels, and inwardly
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rectifying Kir channels. The following features of the K+ currents were analyzed:
current response, IV-curve characteristics, current amplitude, and incidence of the
current.

80 % of the hESC-RPE cells measured with a 50 ms voltage pulse from —45 mV
to 45 mV in 10 mV steps expressed outward currents that activated at -30 mV with
current amplitude 92 £ 11 pA (n = 47) at 45 mV (Study II Figure 2A, 2B). General
K+ channel blockers Ba2* and TEA, as well as Kv1.3 channel inhibitor Agitoxin-2,
all decreased the currents compared to the control (Table 4, Study II Figure 2C-
2H), indicating the presence of delayed rectifier K+ channel Kv1.3 in the hESC-
RPE. Similar currents were also detected in 79 % (n = 11) of the cultured hfRPE
cells in our measurements (Study II, Supplementary Figure 3).

Slowly activating and sustained outward K* currents were recorded from 22 %
(n =9) of the hESC-RPE cells with a prolonged pulse of 1000 ms from —70 mV to
40 mV in 10 mV increments (Study IT Figure 3A). The currents activated at around
-60 mV, and the current amplitude was 529 * 164 pA (n = 9) at 40 mV (Study 1I
Figure 3B). KCNQ channel inhibitor linopirdine decreased the current, indicating
the presence of M-currents in the hESC-RPE (Table 4, Study II Figure 3E, 3F).

A-type currents have been previously measured only in the cultured RPE or the
fresh native hfRPE [133, 134]. Transient currents resembling those in the literature
were detected in 15 % (n = 6) of the hESC-RPE cells using the same prolonged
protocol described above (Study II Figure 4A, 4B). The current amplitude was 108
t+ 26 pA (n = 6) at 40 mV, and the currents inactivated completely during the pulse.

Inwardly rectifying currents were found in 14 % (n = 9) of the measured hESC-
RPE cells by hyperpolarization from -45 mV to -145 mV in 10 mV steps by a 50 ms
pulse (Study II Figure 5A). The inwardly rectifying currents activated at -70 mV
reaching the maximum current amplitude of -43 = 5 pA (n = 9) at -145 mV (Study
IT Figure 5B). The current amplitude tripled when the Na*-based control solution
was replaced with Rb+*-based test solution (Table 4, Study II Figure 5C, 5D) that
typically enhances the inwardly rectifying currents. In addition, the cultured hfRPE
cells were studied for the inwardly rectifying currents (n = 14), but none of the cells
presented these currents (Study IT).

After depolarization to 0 mV, 10 mV voltage steps of 400 ms duration were
applied until potentials -150 mV and 150 mV were reached, revealing the presence
of Cl currents in the hESC-RPE (Study III, Figure 1A). At the negative and
positive potentials, the currents activated at around -90 mV and 40 mV, respectively
(Study III, Figure 1B). A similar activation threshold at positive potentials was
obtained with a protocol starting from -50 mV (Study III, Figure 1C, 1D). In
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addition, we found currents that activated at around -50 mV due to hyperpolarization
(Study III, Figure 1E, 1F). The depletion of intracellular Ca2* from 0.5 mM to 0
mM decreased the currents at positive potentials (Table 4, Study III Figure 2A,
2B), possibly indicating the regulatory role of Ca2* on CaCCs in the hESC-RPE.

5.1.3  L-type Ca?* channels regulate phagocytosis, growth factor secretion,
and maturation in the hESC-RPE (Study I)

The role of voltage-gated Ca2* channels in VEGF secretion (Table 5, Study I Figure
5) and phagocytosis (Table 5, Study I Figure 6) was investigated in the hESC-RPE.
In the phagocytosis assay, the number of bound and internalized POS particles was
counted from the confocal images of the hESC-RPE monolayer. In Figure 11, the
POS particles stained with opsin are presented together with the actin cytoskeleton.

Figure 11. An example of photoreceptor outer segment (POS) phagocytosis in the hESC-RPE
monolayer. Confocal image with xy-maximum intensity projection and yz-confocal section
(apical side upwards, localization of the section highlighted with a white bar) illustrate POS
particles stained with opsin (green) together with the actin cytoskeleton (phalloidin, gray).
Scale bar 10 pym.

According to Table 5, L-type Ca2* channel inhibitor nifedipine had a direct
influence on VEGF secretion and phagocytosis since the application of nifedipine
significantly decreased both functions. On the contrary, activation of the L-type Ca2*
channels by (-)BayK8644 increased VEGF secretion but decreased the number of
phagocytosed POS particles. We also found that the T-type Ca2* channel inhibitor
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MIL218 increased the phagocytosis of POS particles, however, its effect on VEGF
secretion did not reach statistical significance.

Table 5. The influence of Ca?* channel modulators on vascular endothelial growth factor
(VEGF) secretion and phagocytosis in the hESC-RPE.
Modulator Effect VEGF secretion Phagocytosis
(-)BayK8644 L-type Ca?* channel activator +24+9% (n=9)* -30 % (n = 16) **
Nifedipine L-type Ca2* channel inhibitor 19+9%(n=8)* 62 % (n = 15) **
ML2018 T-type Ca?* channel inhibitor +8+14% (n=8) +32% (n=16)*

*Statistically significant p < 0.05, **Statistically significant p < 0.001

The localization of the L-type Ca?" channel subtype Cavl.3 during RPE
maturation was addressed by immunolabeling Cav1.3 together with pericentrin
(PCNT) that localizes to the centrosomes at the base of the primary cilia. Table 6
summarizes the change in the localization of these proteins during the hESC-RPE
maturation (Study I, Figure 7).

Table 6. Changes in Cav1.3 localization during hESC-RPE maturation. Morphology, Cav1.3
localization, and bright apical Cav1.3 puncta co-localization with pericentrin (PCNT)
are presented with respect to days of post-confluence.

Days post- | Morphology | Cav1.3 localization Cav1.3 puncta co- lllustration
confluence localization with PCNT
1 Fusiform Throughout the cell No Study Il, Figure 7A,
Figure S2A
6 Epitheloid Towards apical and Yes Study Il, Figure 7B,
basolateral membranes Figure S2B
31 Cobblestone | Apical and basolateral One distinct cluster per Study Il, Figure 7C,
membranes cell Figure S2C
84 Cobblestone | Uniformly on apical and | One distinct cluster per | Study II, Figure 7D,
basolateral membranes | cell Figure S2D

During maturation, the hESC-RPE morphology developed from fusiform to
epitheloid and finally to cobblestone. The apical staining of Cay1.3 became more
prominent and homogeneous on the cell membrane, resembling the channel
appearance in the native mouse RPE (Study I, Figure 4D). However, with
increasing maturation, the basolateral staining appeared challenging to detect
because of the pigmentation. The bright apical puncta of Cay1.3 co-localizing with
PCNT also became visible during maturation.
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5.1.4  K*current features in the hESC-RPE compared to the primary RPE
cultures and the fresh native RPE (Study 1)

The amplitude and the incidence of K* currents are compared in Table 7 between
the hESC-RPE investigated in this dissertation and the literature on the primary RPE

cultures or the freshly isolated native RPE from different species.

Table 7. Comparison of the amplitudes and the incidences of different K* currents in the hESC-
RPE to the primary RPE cultures and the freshly isolated native RPE of various cell
types. The values for the cultured and native RPE are approximations collected and
pooled together from the literature.

lon channel hESC-RPE | Primary RPE cultures Freshly isolated native RPE
Delayed rectifier
Amplitude ~90 pA ~100-1000 pA [128-130, | ~100-1000 pA [131, 133, 135]
133, 134, 136]
Incidence 80 % 40-90 % [133, 134, 136] | 80-100 % [131, 133, 135]
KCNQ
Amplitude ~530 pA 7pA ~100-5000 pA [127, 131, 135, 139]
Incidence 22 % 6 % (human RPE) [81] 26 % (hfRPE) [133]
80 % (adult human) [127]
A-type
Amplitude ~110 pA ~500 pA [134] ~500 pA [133]
Incidence 15 % 10-30 % [81, 133, 134] | Only in hfRPE 90-100% [133], never in
adult RPE
Kir
Amplitude ~40 pA ~200-500 pA [128, 129, | ~300-1500 pA [81-83, 131-133, 144]
134, 136]
Incidence 14 % 5-40 % [128, 129, 133, 80-100 % [81, 133]
134, 136]

The features of the delayed rectifier currents and M-currents conducted by the
KCNQ channels in the hESC-RPE resembled those previously studied in the
primary RPE cultures and the fresh native RPE. However, the incidence of M-
currents was closer to the cultured RPE or the fresh native hfRPE than the native
adult counterpart. A-type currents have previously been detected only in the cultured
RPE or the fresh native hfRPE but never in the fresh native adult RPE. The A-type
currents were measured here in the hESC-RPE which may indicate immaturity
related to K+t channel machinery and physiology of the tissue. Notably, the amplitude
and the incidence of the Kir currents in the hESC-RPE were both found to be lower
than typically in the RPE, and therefore, their function in the stem cell-derived RPE
may be compromised. All in all, the features of A-type and Kir currents in the hRESC-
RPE resembled the primary RPE cultures or the fresh native hfRPE in several
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aspects, whereas the delayed rectifier and M-currents were in line with the literature
from the fresh native adult RPE.

5.2  Computational simulation of Ca?* signaling in the RPE
following mechanical stimulation

In this study, a computational Ca2* signaling model was developed to simulate the
experimental data following mechanical stimulation in the RPE monolayer. The
model explained Ca2* signaling in the ARPE-19 cells as follows:

1) Near the stimulation site, cells conduct Ca?* through plasma membrane

SSCCs.

2) GJs conduct Ca2t and IP; farther from the MS cell, and these fluxes

decrease with distance to the stimulation site.

3) The MS cell, together with the surrounding cells, secrete ligand to the
extracellular space, where it mediates the Ca?* signal with decaying ligand
concentration.

4) The phosphorylation rate of the IP3 receptor determines the sensitivity of
the cell to the extracellular ligand, and the cells become less sensitive towards
the distant NB layers.

The simulations of the computational Ca2* model based on the experimental data
are presented in Figure 12A for the GA-treated data set, in Figure 12B for the control
data set, and in Figure 12C for the GA-suramin-treated data set. The simulations
matched to the features of the experimental data so that 90 % of the fits resulted in
R2 > 0.8 (Study IV, Table 4).

The sensitivity analysis of certain Ca2* wave features for NB1, NB5, and NB10

revealed that:
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Figure 12. Model simulations compared to the experimental data in: (A) a-glycyrrhetinic acid (GA)-
treated, (B) control, and (C) GA-suramin-treated data sets (dashed lines - dimensionless
NF units, solid lines - arbitrary Ca2* concentrations in uM) for the NB layers NB1 (blue),
NB2 (green), NB3 (red), NB4 (light blue), NB5 (purple), NB6 (yellow), NB7 (black), NB8
(light red), NB9 (gray), and NB10 (orange). The image is reproduced under the terms of
the Creative Commons Attribution License from Study IV.
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1) Decreasing the stretch (0) parameter in NB1 (Study IV, Figure 6B)
decreased time to peak of the Ca2* wave.

2) Increasing IP; input to NB1 via GJs (Inips) increased the Ca?* wave width
at half maximum (Study IV, Figure 6C) and resulted in higher Ca2*
concentration at the end of the wave (Study IV, Figure 6D). The influence
was stronger in the NB layers near the stimulus site compared to the distant
NB layers.

3) Time to peak decreased (Study IV, Figure 6B) and the Ca2* wave width at
half maximum increased (Study IV, Figure 6C) with higher extracellular
ligand concentration (L.).

4) Decreasing the IPsreceptor phosphorylation rate («s) increased the
Ca2* wave peak amplitude (Study IV, Figure 6A) and decreased the time to
peak (Study IV, Figure 6B). Ca2* wave width at half maximum was either
increased or decreased depending on the NB layer (Study IV, Figure 6C),
while the Ca2* wave end concentration was increased (Study IV, Figure

6D).

The experimental GA-treated and GA-suramin-treated data sets were compared
to investigate the effect of suramin on P2Y?> receptor and G-protein cascade (Study
IV, Figure 7A). The sensitivity analysis showed that increasing
P2Y> unphosphorylated receptor dissociation constant (Ki) modified the time to
peak (Study IV, Figure 7B), and increasing P>Y> receptor phosphorylation rate
(kp) narrowed the Ca?* wave width at half maximum (Study IV, Figure 7C)
similarly to the experimental observations. The simulations using the corrected
parameter values for Ki and k;, are illustrated in Figure 12C.
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6 DISCUSSION

6.1 Localization of the ion channels in the hESC-RPE and the
native mouse RPE

Immunostainings revealed a diverse set of Ca2*, K+, and Cl- channels on the apical
and basolateral membranes of the hESC-RPE, indicating the presence of a complex
ion channel machinery (Study I, II, ITI). The main features of this set were similar
to the native mouse RPE with few exceptions. We also found ion channels with new
localizations in the RPE compared to the previous knowledge from the literature.

RPE expresses L-type Ca2t channel subtypes Cav1.1-Cay1.3 [184], from which
Cav1.3 stands as the main contributor to ionic signaling [125, 136, 164, 165, 184,
185, 191-193]. So far, Cay1.3 has been observed to localize only to the basolateral
cell membrane in the murine [193] and porcine [165] RPE. We found that in addition
to the basolateral membrane, Cav1.3 localizes to the apical membrane in the hESC-
and mouse RPE, providing an apical route for the Ca2* influx (Study I). The apical
localization may be important in the control of growth factor secretion as well as in
the regulation of phagocytosis (Study I), as POS binding and ingestion take place at
the apical membrane [65-68], and the primary growth factors are secreted both
apically and basolaterally [46, 47, 72-74]. Our immunostainings also revealed the
basolateral localization of Cav1.2 in the hESC- and mouse RPE (Study I), thus its
involvement in the RPE functionality cannot be excluded.

T-type Ca2* channel subtypes Cav3.1 and Cav3.3 have previously been reported
in the RPE [29, 184]. We also found Cav3.1 on the cell membranes of the hESC-
and mouse RPE, but instead of Cav3.3, our immunostainings revealed Cav3.2
expression at the protein level in these cells (Study I). Therefore, it is still
controversial which T-type Ca2* channels contribute to the RPE physiology.

Immunostainings of the hESC- and mouse RPE showed the presence of
KCNQ1 as well as the apical localization of KCNQ2-3 and the basolateral
localization of KCNQ2-5 (Study II). The basolateral localization of KCNQ5 is in
accordance with the literature [138, 140], and it is most likely the main subunit
responsible for the basolateral K+ conductivity [139]. KCNQ1 and KCNQ4 gene
expression is reported in the native bovine [141] and monkey [140] RPE, but their
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contribution, as well as the contribution of KCNQ2-3, in RPE functionality remain
unresolved.

Pinto & Klumpp showed that Kv1.4 localizes on the apical microvilli and Kv4.2
on the basolateral membrane in the mouse RPE [137]. Our results with the hESC-
and mouse RPE agreed with this study, except that Kv4.2 localized additionally to
the apical membrane in the hESC-RPE (Study II). Whether these channels have a
role in RPE functionality is still unknown since no currents have been measured
from the fresh native adult RPE despite their protein level expression.

To date, Kir7.1 localization has been reported only at the apical membrane in the
RPE [6, 7, 29, 80, 107, 108, 141], where its co-localization with Na*/K*-ATPase
supports K+ recycling across the apical cell membrane [107, 108]. Interestingly, we
found Kir7.1 both at the apical and basolateral membranes in the hESC- and mouse
RPE (Study II). The choroidal K+ concentration varies approximately in the same
range as the subretinal K* concentration [265]. Kir7.1 on the basolateral membrane
may respond to the changes in the choroidal K+ concentration and fine-tune it.

Kir4.1 has been found from the apical processes of the RPE [29, 107, 147], even
though other studies report the absence of its gene product in the native bovine
[108] and human [148] RPE. We also found Kir4.1 protein from the apical microvilli
in the hESC- and mouse RPE (Study II). However, the contribution of Kir4.1 to
the RPE functionality is still contradictory based on this study and the literature.

We found CI- channels Best-1, CIC-2, and CFTR from the hESC-RPE with
immunolabeling (Study III). Best-1 localized to the basolateral membrane in the
hESC-RPE (Study I-III) which is in agreement with the literature [159-161]. In
addition, recent studies have revealed the localization of CIC-2 to the apical
membrane [29, 170].

6.2  Electrophysiological properties of the hESC-RPE

Ca2* (Study I), K* (Study II), and CI- currents (Study III) were measured with
patch clamp recordings from the hESC-RPE. hESC-RPE expresses a heterogeneous
pattern of ion channels, and in such a system, several ion channels may contribute
to the conductivity stimulated by the same voltage protocol. The ion currents can
still be characterized by carefully selecting the intra- and extracellular solutions,
designing specific voltage protocols for stimulation, and applying ion channel-
specific drugs.
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Slowly inactivating Ca2* currents were considered as L-type Ca2* currents (Study
I) based on the current features and IV-curve that resembled those of the fresh
native RPE in previous studies [184, 185, 188, 189]. In addition, typical for L-type
Ca2* channels, the currents were inhibited by nifedipine [164, 185, 186, 188, 189],
and activated by (-)BayK8644 [184, 187-192] as well as by increase in extracellular
Ba2* concentration [188, 189]. The main subtype carrying the current is likely Cav1.3
due to activation of the current at negative potentials [183], features of the IV-curve
[165, 184, 185], and slow inactivation time. In general, Cav1.3 is considered as the
primary L-type Ca2* channel in the RPE [125, 136, 164, 165, 184, 185, 191-193].
Furthermore, we observed fast transient currents often appearing in combination
with the slowly inactivating currents (Study I). These currents closely resembled the
T-type currents previously measured from the cultured human RPE [184].

Different types of voltage-gated outward K* currents were recorded from the
hESC-RPE cells (Study II). The most frequent current activating at -30 mV
resembled the delayed rectifier current measured in the RPE in several studies [128-
136]. The sensitivity of the current to Agitoxin-2 in the hESC-RPE identifies the
delayed rectifier channel subtype Kv1.3 as a main carrier of the current [130, 136].
Furthermore, slowly activating, large amplitude, and sustained K* currents were
measured from the hESC-RPE (Study II). These currents were inhibited by the
application of linopirdine which is a blocker of KCNQ channels. Similar M-currents
have previously been measured in the RPE [81, 127, 131, 135, 139, 140] with
sensitivity to linopirdine [139]. Subtypes KCNQ4 and KCNQ5 were considered to
conduct the M-current in the monkey RPE [139]. However, the hESC-RPE
expressed subtypes KCNQ1-KCNQ)5 at the protein level in the immunostainings,
and the contribution of specific channel subtypes to the macroscopic current stays
unsolved. We also found fast-activating and transient outward currents in the hESC-
RPE (Study II) that resembled A-type currents reported in the cultured rabbit [134]
and human [81, 133] RPE and in the native hfRPE [133]. Despite the presence of
Kv1.4 and Kv4.2 at the protein level in the native RPE [137], A-type currents have
never been recorded from the native adult RPE. This may indicate changes or
immaturity in the cultured RPE phenotype.

Kir7.1 is generally considered the dominating Kir channel subtype in the RPE,
and several studies report mild inwardly rectifying currents in the RPE of a variety
of species [80-83, 128, 129, 131-134, 1306, 143, 144], including human [7, 81, 133].
We recorded small but detectable inwardly rectifying currents in 15 % of the hESC-
RPE cells (Study II). Typically for Kir7.1 current in the RPE, they activated at
around -70 mV [81-83, 128, 129, 131-134, 136, 144| and the current amplitude
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increased by Rb* application [7, 82, 145]. Kir7.1 currents with a rather small
amplitude (on the average of 144 pA) have also been measured from the hiPSC-RPE
[7]. Together the results from the hiPSC-RPE [7] and our results from the hESC-
RPE may indicate an attenuated Kir channel machinery in the stem cell-derived RPE
overall compared to the fresh native adult RPE. Contrary to the widely studied
Kir7.1 channel subtype, Kir4.1 currents have been detected only in two studies in
the native rat [147] and the cultured human RPE [81]. The contribution of Kir4.1 to
the measured Kir conductance in the hESC-RPE cannot be omitted due to the
positive immunolabeling of Kir4.1. However, our results support the idea that the
contribution of Kir4.1 to the whole-cell Kir conductance is minor compared to
Kir7.1 [82].

We also found slowly inactivating voltage-dependent Cl- currents from the hESC-
RPE (Study III) that resembled CIC currents previously measured from the RPE
[155]. In addition, Ca2?*-sensitive Cl- conductance was present in the hESC-RPE
consistent with the results from the Xengpus RPE [155]. These currents could be
mediated by Best-1 [159-161] or anoctamin [156, 168] channels. However, further
studies are required to identify the CI- channel subtypes.

6.3 The role of ion channels in VEGF secretion and
phagocytosis

The fine balance between VEGF and PEDF secretion in the RPE influences the
welfare of the choriocapillaris and the photoreceptors. The secretion of growth
factors in the healthy RPE is polarized so that VEGF secretion is more pronounced
at the basal side [46, 47, 73, 74] as we observed in the hESC-RPE (Study I), and
PEDF at the apical side [47, 72]. PEDF works as an angiogenesis inhibitor stabilizing
the endothelium of the choriocapillaris [78] and as a neuroprotective factor
promoting the survival of the photoreceptors [76, 77]. VEGF maintains the
endothelium of the choriocapillaris [75].

The VEGF secretion is controlled, for example, by hyperosmolarity [266],
hyperthermia [267], and oxidative stress [268]. On the other hand, these factors can
further influence or be the consequence of ion channel functionality. Indeed, VEGF
secretion is coupled to the activity of several ion channels found in the RPE
including L-type Ca2* channels |29, 185], T-type Ca2* channels [29], TRPV channels
[199], CIC-2 channels [29], and BK channels [29].
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Ton channels work together to trigger and regulate the secretion process by
controlling the cell membrane potential, interacting directly with different proteins,
and creating an osmotically favorable environment for the secretory granule
formation and changes in the cell volume. For example, in pancreatic acinar cells,
secretory granules contain specific sets of ion channels, such as CIC-2 and KCNQT1,
that control the exocytosis and prevent the granules from collapsing [269]. Secondly,
the physical interaction between SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) proteins and K* channels drives the final stages of
vesicle fusion in secretion [270].

Our ELISA results showed the involvement of L-type and T-type Ca2* channels
in VEGF secretion in the hESC-RPE (Study I). These results were recently
confirmed by Mamaeva et al. in the hiPSC-RPE [29]. L-type Ca2* channels mediate
Ca?* entry into the RPE [29, 125,136, 151, 164, 165, 184-194] as well as the initiation
of the IP; second messenger cascade [196]. The activity of L-type Ca2* channels can
be regulated by shifting their voltage-dependency instead of a change in the
membrane potential [2, 187, 192]. It has been proposed that the influx of Ca2* via
L-type Ca2t channels is controlled by outwardly rectifying K+ channels that
eventually terminate the Ca2* inflow by hyperpolarizing the cell membrane [1, 130].
The L-type Ca2* channels have been reported to regulate the secretion also in other
cell types. Interestingly, L-type Ca2* channels form clusters on the cell membrane
near the secretion area that increases local intracellular Ca2* concentration triggering
catecholamine release from chromaffin cells [271] and insulin secretion from
pancreatic B-cells [272]. Taken together, the L-type Ca2* channels in the hAESC-RPE
most likely control the VEGF secretion in concert with the other ion channels,
possibly including the K+ and CI- channels characterized in the hESC-RPE (Study
I1, III), with each channel type playing its interactive role in the process.

Phagocytosis in the RPE also involves the collaboration of several ion channels,
including glutamate receptors [215, 219], TRP channels [125, 198], T-type Ca2*
channels [29], L-type Ca2* channels [29, 125, 195], Best-1 [125, 166], CICs [29],
Kir7.1 channels [6, 29], BK channels [125, 126], and Navs [33]. They mediate ion
fluxes across the membranes to meet the changes in osmotic conditions and surface-
to-volume ratio to maintain the ion homeostasis [273, 274]. Imbalance in the ion
channel co-operation can lead to abnormal lysosome morphology or defective
vesicle trafficking [274]. It is proposed that Best-1 controls phagocytosis via
modulation of the L-type Ca2* channel activity [125], while TRP channels are a likely
interaction partner for BK channels [125, 275]. Furthermore, L-type Ca2* channels
can directly activate BK channels that in turn control the L-type Ca2* channels via
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negative feedback [151]. It is also possible that the regulatory role of Nay channels
in POS phagocytosis [33] is coupled to the functioning of the L-type Ca?* channels,
as Nay and Cav channels typically form signaling complexes, especially in excitable
tissues [276].

We found that L-type Ca2* channel inhibition by nifedipine directly decreased the
phagocytotic activity in the hESC-RPE. The slight inhibitive effect of L-type Ca2*
channel activator (-)BayK8644 may depend on the interactions with other ion
channels involved in the process. We also revealed the contribution of T-type Ca2*
channels to phagocytosis so that the channel inhibition increased the amount of
detected POS particles. (Study I) On the contrary, inhibition of the T-type Ca2*
channels in the hiPSC-RPE directly reduced the phagocytotic activity [29]. Thus, the
role of T-type Ca* channels in phagocytosis is still controversial and requires more

studies in RPE and in its stem cell-derived counterpart.

6.4  Comparison of the hESC-RPE physiology to the native
counterpart

L-type Ca?* currents were measured from the native mouse RPE to enable a
comparison of the hESC-RPE to the native tissue (Study I). The current
characteristics in the hESC-RPE were similar to the mouse RPE based on the
current waveform, IV-curve, and current density. In addition, the L-type Ca2*
current features in the hESC-RPE resembled those of various fresh native RPE cell
types described in the literature [184, 185, 188, 189]. However, they differed from
the primary RPE cultures [185, 187, 190-192] by the more negative activation
threshold as well as the gradual activation slope of the IV-curve that we observed in
the hESC-RPE. This could be explained by possible differences in splicing variants,
phosphorylation, or the composition of the accessory subunits between the hESC-
RPE and the primary RPE cultures [277, 278]. However, the conclusive reason for
the detected differences remains unresolved in this study.

We found that during the hESC-RPE maturation, Cavy1.3 localization became
more homogeneous, starting to resemble the native mouse RPE (Study I). This
implicates high sensitivity of Cay1.3 expression and localization to RPE maturity, as
previously suggested for Best-1 [32, 161]. In maturing hESC-RPE, punctuated
staining of Cav1.3 co-localized with PCNT to the base of the primary cilia, where
Cav1.3 may play a role in ciliogenesis or primary cilia function. Interestingly, TRPM3
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in the hfRPE shows a comparable punctuated appearance [201], possibly indicating
the collaboration between different ion channels in these processes.

The amplitude and incidence of the delayed rectifier K+ currents in the hESC-
RPE were compared to the literature on the primary RPE cultures [128-130, 133,
134, 136] and the freshly isolated native RPE [131, 133, 135] (Study II). These
features of delayed rectifier currents in the hESC-RPE matched with the literature.
The M-current amplitudes measured in the hESC-RPE resembled the native
counterparts [127, 131, 135, 139], but the M-current incidence was closer to the
cultured human RPE [81] or the native hfRPE [133] instead of the native adult
human RPE [127]. The recorded M-currents may include conductivities through
other ion channels, such as BK channels [149, 151] or voltage-gated Cl- channels [29,
158, 169, 170] since the slope of the conductance curve was less steep than
previously presented [127, 139].

Despite the appearance of Kv1.4 and Kv4.2 channels in the immunostainings of
the native adult RPE [137], the transient A-type currents have been measured only
in the cultured RPE [81, 133, 134] or in the native hfRPE [133], but never in the
native adult tissue. Characteristic to this, Wen et al. observed A-type currents in 33
% of the cultured human RPE cells and almost in every native hfRPE cell, but they
did not find these currents in the native adult RPE [133]. In this study, A-type
currents were recorded in 15 % of the hESC-RPE cells that expressed the typical
RPE maturity markers (Study II). Together these results may indicate that the
membrane channel phenotype changes during maturation with the disappearance of
A-type currents [133] and that the mature hESC-RPE resembles the hfRPE [279-
281].

Small but detectable Kir currents were measured in 15 % of the hESC-RPE cells
(Study II). Similar to our results, low amplitude Kir7.1 currents were recently
measured from the hiPSC-RPE [7]. In addition, Rb increased the current in the
hESC-RPE only 3-fold compared to the typical 10-fold increase [82, 146]. Based on
these three observations, it is possible that Kir channel machinery is attenuated in
the stem cell-derived RPE compared to the fresh native adult RPE, where the
majority of the measured cells conduct high amplitude Kir7.1 currents [81-83, 131-
133, 144]. In general, Kir7.1 current amplitudes and incidences are lower in the
primary RPE cultures than in the fresh native RPE [128, 129, 133, 134, 1306], still
they are higher compared to the stem cell-derived RPE.

In summary, the K+ ionic mechanisms in the hESC-RPE resembled the fresh
native adult RPE regarding delayed rectifier and M-currents, and the primary RPE
cultures or the fresh native hfRPE regarding A-type and Kir currents. Ion channels
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in the RPE are sensitive markers of the maturation stage [32, 161] and functionality
[6, 33] and this most likely considers K+ channels as well. There is a reason to
speculate that K+ channels and especially Kir channels in the RPE cell cultures are
affected by the cell culturing conditions. For instance, in rabbit Miller cells, the
native expression of Kir4.1 disappears during cell culture and reappears when the
cells are cultured on laminin-coated dishes in a medium containing insulin [282].
Furthermore, KCNQ1 localization has been reported to change in response to
extracellular calcium level [283]. Attention should also be paid to physiological ion
gradients and their natural changes that do not occur across the epithelium in culture
conditions. Importantly, stem cell-derived RPE requires a long cultivation time to
mature compared to the primary cell cultures. Cultured cells also lack their functional
environment as they are not challenged to perform the typical RPE tasks in which
the ion channels are involved. This might be reflected in the lower level of functional
channel expression in the cultured RPE and is likely to be extremely critical for stem
cell-derived RPE with no previous exposure to the proper physiological
environment. One possible approach to partially overcome this deficiency could be
challenging the RPE cells daily during their maturation by POS particle feeding to
enhance channel expression and functionality. Taken together, there is a need to
carefully consider the present cell culturing methods to develop environments that
mimic the physiological conditions also from the ion gradient and functional point

of view to further improve the cultured and stem cell-derived epithelial cell models.

6.5  Mechanisms of Ca?* signaling in the ARPE-19 monolayer

The computational model developed in this dissertation unites the most relevant
Ca?* signaling mechanisms in the ARPE-19 cells evoked by mechanical stimulation
Study IV). The model showed that in a monolayer, the mechanical force is sensed
by SSCCs near the stimulus site, and IP; and Ca?* spread the signal via GJs between
the connected cells. Most likely, the MS cell and the closest neighboring cells secrete
ligand to the extracellular space, where it delivers the signal so that the ligand
concentration decays with distance to the stimulation site. Phosphorylation of the
IP; receptor determines the sensitivity of the cell to the extracellular ligand, and this
sensitivity decreases with distance to the MS cell.

In the model, the high ligand concentration resulted in fast responding and high
amplitude Ca?* waves. Similar behavior has previously been observed both
experimentally [209, 284] and mathematically [255]. In the RPE, the ligand is most
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likely ATP that is secreted under different stimuli [173, 205, 206]. In addition, the
modulation of IP; phosphorylation (described with parameter a4) near the stimulus
site enables fast and high Ca2* waves, representing an important regulatory
mechanism for Ca?* release [285-287]. Parameter a4 may also reflect other signaling
mechanisms that the model does not cover.

The model was also utilized to predict the effect of suramin on Ca2* signaling.
We found two possible mechanisms targeting P2Y> receptors in an inhibitory
manner: first, suramin may disrupt ligand binding to the receptors, or second, it may
enhance the receptor desensitization (Study IV). On the other hand, suramin has
been shown to disrupt the cell membrane receptor and G-protein coupling by
inhibiting the association of G-protein o and By subunits [288]. The P2Y receptor
blockage by suramin has clinical relevance as the functioning of P> receptors has
been linked to the development of AMD [212, 213].

Similar to the airway epithelial Ca2* signaling models, our model combined
previously designed model components of different receptors and signaling cascades
to present a tissue-specific model. Additional model components were designed and
parameterized to describe the stimulation conditions and to investigate the biological
phenomena of interest. [255, 256] In other words, epithelial cell-type-specific models
combine the knowledge of Ca?* signaling linked to epithelial functionality.

6.6  Future perspectives and limitations

The proteome of the stem cell-derived RPE resembles the native RPE in many
aspects [289], and the stem cell-derived RPE can perform several RPE functions,
such as phagocytosis [10, 29, 32, 33, 290-292], VEGF secretion [29-32], and visual
cycle [293, 294]. Important differences include a lower efficiency in the phagocytosis
[66] and growth factor secretion [295], as well as differences in the expression of
adhesion junction and membrane transport genes [296]. This dissertation also
showed similarities and differences in the ion channel machinery between the hESC-
RPE and the native counterpart that are essential for stem cell applications.

The presence of a diverse pattern of functional ion channels in the hESC-RPE is
promising for the success of stem cell-based transplantation therapies and the use of
stem cell models in eye research. However, the functionality of K* channel
machinery may be compromised in the cultured RPE, particularly those derived
from pluripotent stem cells requiring long culture time. This indicates a need to

further develop the present cell culturing methods considering ionic gradients and
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their natural changes. This is important since ion channels, in general, are highly
sensitive indicators of cell maturity [32, 161] and functionality [6, 33], and reflect
changes in the cell culture conditions [282, 283].

Currently, the evaluation of maturity and functionality in the stem cell-derived
RPE mainly relies on the identification of gene and protein level markers. This
approach characterizes the RPE genotype well but excludes the functional
phenotype that may differ from the genetic background. Based on the results of this
dissertation, especially related to the Ca2" and K* channels, the functional evaluation
is critical to define the sufficient maturity and correct physiology of the stem cell-
derived RPE. However, traditional patch clamp measurements are time-consuming
and require intense training to perform successfully. For systematic testing of the
stem cell-derived RPE for clinical applications, fast and comprehensive patch clamp
measurements with a high success rate would be a prerequisite. Approaches utilizing
the automated patch clamp technique have been attempted to overcome these issues
in epithelial and RPE cells [297, 298], yet further development is required to improve
the yield. Especially in small-sized and polarized epithelial cells, the positioning of
the measurement electrode is critical to obtain a large number of comparable
recordings. Furthermore, such comprehensive testing requires the determination of
a reliable electrophysiological gold standard corresponding human RPE with
warranted maturity.

There are certain limitations in stem cell research worth noting. First, there is
variation between stem cell lines as well as between the individual batches. Second,
the poor availability of the native human RPE cells raises a need to find an
appropriate control for the experimental work. Primary cell cultures provide a widely
used cell model, and the freshly isolated mouse RPE can be utilized in most
institutions. We used both freshly isolated mouse RPE and cultured hfRPE. Even
though they are well-characterized and comprehensive RPE cell models, neither one
of these corresponds precisely to the native human RPE. For example, the gene and
protein expression profiles between human and mouse resemble each other [299,
300], yet there are anatomical differences between the species. The control issue
remains to be overcome in the stem cell field.

The lack of experimental data is a general challenge in computational modeling.
Usually, the experimental data is first produced in the laboratory by a different
person than the modeler, who later uses this data to build the model. This makes
performing the important iterations between the experimental work and the
computational work challenging. Due to the lack of resources, this was also the case

in this dissertation and should be paid more attention to in the design of future
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projects. It is also worth noting that the ARPE-19 cell line used in our experimental
setup for the computational modeling is not presently considered an optimal RPE
cell model, and these cells lose their RPE-like phenotype after multiple passages.
Furthermore, ARPE-19 forms a leaky epithelium with a relatively low TER value
and weak barrier properties [301]. Relevant to this study, the ARPE-19 cells lack the
melanosomes that may participate in Ca2* signaling in the RPE as they contain high
levels of Ca2* [224, 225]. Furthermore, the experimental data was produced only as

relative Ca2*+ concentrations instead of absolute values [232].
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7 CONCLUSIONS

Ton channels are central determinants of the RPE physiology, and therefore, their

expression, functionality, and roles in RPE are crucial to investigate. This concerns

especially the stem cell-derived RPE that are increasingly used as RPE cell models

and in clinical therapy development, often without a thorough evaluation of their

physiological properties. This dissertation provided new insight into this highly

relevant and topical issue focusing on the functionality of voltage-gated Ca2*
channels, K* channels, and Cl- channels in the hESC-RPE combined with

computational modeling of Ca2* signaling in a human RPE cell model. The main

findings and conclusions are:

3.

An extensive pattern of ion channels was found from the hESC-RPE at the
protein level, and in most cases, the membrane localization was comparable
to the native mouse RPE. Furthermore, this dissertation revealed the apical
and cilial localization of Cavl.3 in the RPE. Previously Kir7.1 has been
shown to localize only on the apical membrane, but we found its basolateral
localization as well in the hESC- and native mouse RPE.

Both similarities and differences were observed when the ion current
features were compared between the hESC-derived and the freshly isolated
native RPE. The L-type Ca2* channel characteristics of the hESC-RPE
resembled the native mouse RPE investigated here and the native RPE in
general, according to the literature. However, the hESC-RPE cells expressed
heterogeneous K* channel machinery that did not cover all the features of
the native adult RPE when compared to previous studies by other research
groups. Instead, it possessed features from the native hfRPE or the cultured
primary RPE from different species.

A central finding in this dissertation was that the ion channels are highly
sensitive to RPE maturation and external conditions. Indeed, the cell
culturing environment appears to be critical for the maturation of the stem
cell-derived RPE functional phenotype, especially regarding the K+
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channels. It is also worth noting that Cayl.3 membrane localization
developed during RPE maturation, and the co-localization of Cav1.3 near

the primary cilia may be essential in this process.

This dissertation demonstrated that in the hESC-RPE, voltage-gated Ca2*
channels have a regulatory role in VEGF secretion and phagocytosis that are
essential for retinal development and welfare, including photoreceptor
renewal. This finding highlights the importance of ion channels for RPE

functionality and thus for our visual ability.

Maturity and functionality of the stem cell-derived RPE are routinely
evaluated based on gene or protein level expression of markers that
characterize the typical RPE genotype. However, the results of this
dissertation suggest that the assessment of the functional phenotype is of
utmost importance for verifying the sufficient physiological maturity of the
stem cell-derived RPE. Introduction of this approach to clinical applications
would require the determination of the electrophysiological gold standard of
human RPE as well as further improvement of the automated patch clamp
method. Overall, the presence and functionality of the different ion channels
in the hESC-RPE, as shown in this thesis work, are promising for the use of
stem cell-derived RPE as cell models and in transplantation therapies.

The computational Ca2* model developed in this study enabled the
simulation of the experimental data of Ca2* signaling in the RPE after
mechanical injury. The model provided mechanistic insight into Ca2*
signaling mechanisms in different experimental conditions and predicted

drug responses.
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APPENDIX 1: ANTIBODIES FOR IMMUNOSTAINING

The primary and secondary antibodies used in this dissertation are listed in Table A1l
and Table A2, respectively. The antibody name is presented together with the

company, catalog number and dilution ratio.

Table A1. Primary antibodies.
Antibody Company Catalog number | Dilution ratio Study
a-tubulin Sigma Aldrich T6793 1:1000 I
Bestrophin-1 Lagen laboratories 016-Best1-01 1:100, 1:500 (Il
Cav11 Alomone Labs ACC-314 1:100 |
Cav1.2 Alomone Labs ACC-003 1:100 I
Cav1.3 Alomone Labs ACC-005 1:100 I
Cav31 Alomone Labs ACC-021 1:100 |
Cav3.2 Alomone Labs ACC-025 1:100 I
Cav3.3 Alomone Labs ACC-009 1:100 I
CFTR ThermoFisher Scientific | MA1-935 1:50 1]
CIC-2 Alomone Labs ACL-002 1:200 1l
Claudin-3 Invitrogen 34-1700 1:80 L
CRALBP Abcam ab15051 1:500 [
Ezrin Abcam ab4069 1:100 I
Na*/K*-ATPase Abcam ab7671 1:200 [
Kir4.1 Abcam ab80959 1:100 I
Kir7.1 Abcam ab170631 1:100 I
Kv1.3 Alomone Labs APC-002 1:100 I
Kv1.4 Abcam ab99332 1:50 I
Kv4.2 Abcam ab46797 1:50 I
KCNQ1 Alomone Labs APC-022 1:100 I
KCNQ2 Alomone Labs APC-050 1:100 I
KCNQ3 Alomone Labs APC-051 1:100 I
KCNQ4 Alomone Labs APC-164 1:100 I
KCNQ5 Alomone Labs APC-155 1:100 Il
Opsin Sigma Aldrich 04886 1:200 I
PCNT Abcam ab28144 1:200 |
Z0-1 Life Technologies 339100 1:50 AL IV
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Table A2. Secondary antibodies and phalloidins.

Antibody Company Catalog number | Dilution ratio
Donkey anti-goat Alexa Fluor 568 Thermo Fisher Scientific | A11057 1:200
Donkey anti-mouse Alexa Fluor 488 Thermo Fisher Scientific | A21202 1:200
Donkey anti-mouse Alexa Fluor 568 Thermo Fisher Scientific | A10037 1:200
Donkey anti-mouse Alexa Fluor 647 Thermo Fisher Scientific | A31571 1:200
Donkey anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific | A21206 1:200
Donkey anti-rabbit Alexa Fluor 568 Thermo Fisher Scientific | A10042 1:200
Goat anti-mouse Alexa Fluor 488 Thermo Fisher Scientific | A11029 1:200
Goat anti-mouse Alexa Fluor 568 Thermo Fisher Scientific | A11031 1:200
Goat anti-mouse Alexa Fluor 647 Thermo Fisher Scientific | A21236 1:200
Goat anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific | A11008 1:200
Goat anti-rabbit Alexa Fluor 568 Thermo Fisher Scientific | A11011 1:200
Phalloidin-Atto 633 Sigma-Aldrich 68825 1:100
Phalloidin tetramethylrhodamine B 568 | Sigma-Aldrich P1951 1:400
Alexa Fluor 647 phalloidin Thermo Fisher Scientific | A22287 1:50
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Functional Voltage-Gated Calcium Channels Are
Present in Human Embryonic Stem Cell-Derived
Retinal Pigment Epithelium
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ABSTRACT

Retinal pigment epithelium (RPE) performs important functions for the maintenance of photorecep-
tors and vision. Malfunctions within the RPE are implicated in several retinal diseases for which
transplantations of stem cell-derived RPE are promising treatment options. Their success, however, is
largely dependent on the functionality of the transplanted cells. This requires correct cellular physiol-
ogy, which is highly influenced by the various ion channels of RPE, including voltage-gated Ca** (Cay)
channels. This study investigated the localization and functionality of Ca,, channels in human embry-
onic stem cell (hESC)-derived RPE. Whole-cell patch-clamp recordings from these cells revealed slowly
inactivating L-type currents comparable to freshly isolated mouse RPE. Some hESC-RPE cells also car-
ried fast transient T-type resembling currents. These findings were confirmed by immunostainings
from both hESC- and mouse RPE that showed the presence of the L-type Ca?* channels Cay1.2 and
Cay1.3 as well as the T-type Ca?* channels Cay3.1 and Cay3.2. The localization of the major subtype,
Cay1.3, changed during hESC-RPE maturation co-localizing with pericentrin to the base of the primary
cilium before reaching more homogeneous membrane localization comparable to mouse RPE. Based
on functional assessment, the L-type Ca?* channels participated in the regulation of vascular endo-
thelial growth factor secretion as well as in the phagocytosis of photoreceptor outer segments in
hESC-RPE. Overall, this study demonstrates that a functional machinery of voltage-gated Ca** chan-
nels is present in mature hESC-RPE, which is promising for the success of transplantation therapies.
STEM CELLS TRANSLATIONAL MEDICINE 2019;8:179-193

SIGNIFICANCE STATEMENT

Human stem cells provide a promising cell source for the replacement of diseased retinal pigment
epithelium (RPE) in the eye, and several clinical trials with cell transplantations are ongoing. The
success of these therapies is largely dependent on the correct functionality of the transplanted
cells. Still, cellular ion channels, vital for the proper RPE physiology, are inadequately character-
ized in stem cell-derived RPE. The results of this study demonstrate the presence and functional-
ity of voltage-gated Ca®* channels in mature human embryonic stem cell-derived RPE similar to
native RPE, and provide insight into their physiological relevance. This work is a significant contri-
bution toward a more detailed functionality confirmation of stem cell-derived RPE.

RPE also plays a critical role in the pathogene-
sis of several degenerative eye diseases such
as age-related macular degeneration (AMD) [3]
that is the leading cause of vision loss and
blindness among the elderly worldwide [4].
Stem cells provide potential for the develop-
ment of transplantation therapies producing a
limitless source of RPE cells for the treatment
of AMD and other RPE-originated retinal dys-
trophies [5]. Remarkably, such therapies are
already being subjected to clinical trials for
AMD and Stargardt’s macular dystrophy [6-21]

INTRODUCTION

Retinal pigment epithelium (RPE) is a mono-
layer of polarized cells located in the back of
the eye between the photoreceptors and the
choroid, and forms a part of the blood-retinal-
barrier [1]. As a barrier, RPE regulates the
transport of nutrients and ions between the
bloodstream and the subretinal space. In addi-
tion, RPE performs essential functions for
vision such as phagocytosis, secretion, visual
cycle, and light absorption (reviewed in [2]).

© 2018 The Authors
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as well as to several preclinical trials [5, 22-28]. Stem cell-
derived RPE has been demonstrated to resemble native tissue
in many respects: it has been shown to have a proteome closely
similar to the native counterpart [29], phagocytose photorecep-
tor outer segment (POS) fragments [27, 28, 30-32], secrete vas-
cular endothelial growth factor (VEGF) [32-34], and participate
in the functional visual cycle [35, 36]. However, much is still not
understood about the genetic characteristics of stem cell-derived
RPE [37] or its behavior after transplantation [38]. Furthermore,
there is only limited information about the functionality of ion
channels [33] and Ca® signaling [31, 39, 40] in stem cell-derived
RPE. In particular, studies about the voltage-gated Ca®* (Cay)
channels in these cells are lacking.

The correct operation of Cay channels is required in order
for the stem cell-derived RPE to perform its critical functions
in therapeutic use, since many of the important RPE functions
are related to changes in intracellular Ca®* concentration [2].
L-type Ca®* channels have been identified in cultured and
native RPE [41-55], where they participate in the transport of
ions and water [42] as well as the regulation of POS phagocy-
tosis [41], VEGF secretion [43], and RPE differentiation [2]. On
the other hand, the malfunctioning of L-type Ca®* channels in
RPE has been linked to the pathogenesis of certain degenera-
tive eye diseases [45, 56]. Of the L-type Ca** channels, RPE
has been shown to express the subtypes Cay1.1-1.3 [46] with
several studies suggesting that subtype Cay1.3 is the primary
contributor to RPE physiology [41, 43, 46, 50-55]. Of the T-
type Ca®* channels, RPE has been reported to express the sub-
types Cay3.1 and Cay3.3, and it has been speculated that these
channels participate in the regulation of VEGF secretion [46].
To date, o subtypes of the third subfamily Cay2.x have not
been detected in RPE [46]. It is, however, unclear whether this
impressive machinery of Ca®* channels is present in stem cell-
derived RPE, and raises a question about the resemblance of
human embryonic stem cell (hESC)-derived RPE to native RPE.

To address this issue, we investigated the functionality and
localization profile of Cay channels in hESC-RPE. Here, we pre-
sent our patch-clamp recordings that reveal slowly inactivating
L-type currents in hESC-RPE that are similar to native RPE.
In some hESC-RPE cells, fast transient currents that resemble
T-type currents were also recorded. When compared with
mouse tissue, there were similarities, as well as certain differ-
ences, in the localization of Cay channels in hESC-RPE. With
regard to physiology, we show that L-type Ca®* channels par-
ticipate in POS phagocytosis and the regulation of VEGF secre-
tion in hESC-RPE. Overall, our results suggest that a functional
machinery of voltage-gated Ca** channels is present in hESC-
RPE, and thus strengthen the potential of stem cell-derived
RPE in transplantation therapies.

MATERIALS AND METHODS

Culture of hESC-RPE

In this study, we used the previously derived hESC lines
Regea08/023, Regea08/017, and Regeall/013 [57]. The
undifferentiated hESCs were maintained, cultured, and sponta-
neously differentiated as described before [58]. After approxi-
mately 72-124 days of differentiation in the suspension culture,
the pigmented areas of the floating aggregates were manually
separated. The pigmented cell clusters were dissociated with
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TrypLE Select (Invitrogen, UK) and seeded onto Collagen IV
(5 pg/cmz, Sigma-Aldrich, St. Louis, MO) coated 24-well cell cul-
ture plates (Corning CellBIND; Corning, Inc., Corning, NY) with a
density of 5.5 x 10> cells/cm®. The cells were cultured for
approximately 22-73 days, and cells from several independent
differentiation batches were used for the study.

The cells were passaged with a density of 2.5 x 10°
cells/cm? onto polyethylene terephthalate coated hanging cul-
ture inserts (pore size 1 um, Merck Millipore) treated with Col-
lagen IV (10 pg/cmz, Sigma-Aldrich) or with Collagen IV and
laminin (1.8 pg/cmz, LN521, Biolamina, Sweden). The cultures
became confluent in 5 days on inserts, after which they were
further cultured until mature monolayers were obtained (days
post-confluence presented in each figure legend). For single
cell patch-clamp experiments, the cells were detached from
the inserts with TrypLE Select and let to adhere on cover slips
treated with poly-L-lysine (Sigma-Aldrich).

Isolation of Mouse RPE

We used C57BL/6 mice at the age of 8-12 weeks where the
development and maturation of RPE had been completed [59].
The mice were euthanized by CO, inhalation and cervical dislo-
cation. The eyes were then enucleated and bisected along the
equator. The eyecups were sectioned in Ames’ solution
(Sigma-Aldrich) with 10 mM HEPES and pH adjusted to 7.4,
and the retina was gently removed leaving the RPE firmly
attached to the eyecup. To isolate the RPE cells for patch-
clamp recordings, the eyecup was incubated at 37°C in 5%
CO, either in TrypLE Select for 15 minutes or in a solution con-
taining (in mM) 135 TeaCl, 5 KCI, 10 HEPES, 3 EDTA-KOH,
10 glucose, and 25 U/ml activated papain (Sigma-Aldrich) for
30 minutes. After this, the eyecups were washed in the HEPES
buffered Ames’ solution supplemented with 1% bovine serum
albumin (BSA; Sigma-Aldrich). The RPE was collected by gentle
trituration, stored at 37°C in 5% CO, in the RPE culture
medium and measured within 6 hours.

Ethical Issues

Approval for research with human embryos was given by the
National Authority for Medicolegal Affairs, Finland (Dnro
1426/32/300/05). A supportive statement was received from
the Local Ethics Committee of the Pirkanmaa Hospital District,
Finland to derive and expand hESC lines from surplus embryos,
and to use these cell lines for research purposes (R05116). No
new cell lines were derived in this study. The procedures car-
ried out with C57BL/6 mice were in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and the Finnish Animal Welfare Act 1986.

Patch-Clamp Recordings

Patch-clamp recordings were performed at room temperature
(RT) on single hESC-RPE and mouse RPE cells. lonic currents
were recorded using the standard patch-clamp technique in
whole-cell configuration. To minimize potassium currents, patch
pipettes (resistance 4-8 MQ) were filled with a cesium based
internal solution containing (in mM) 83 CsCH3SOs, 25 CsCl, 5.5
EGTA, 0.5 CaCl,, 4 ATP-Mg, 0.1 GTP-Na, 10 HEPES, and 5 NaCl;
pH was adjusted to ~7.2 with CsOH and osmolarity was adjusted
to ~290 mOsm with sucrose. The internal solution contained
2 mM lidocaine N-ethyl chloride (Sigma-Aldrich) to exclude the
possibility of the measured fast transient currents being carried
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by sodium [60]. The tissue was perfused with a control exter-
nal solution containing (in mM): 120 NaCl, 5 TeaCl, 1.1 CaCl,,
1.2 MgCl,, 10 HEPES, 5 glucose, and 10 BaCl,. pH was adjusted
to 7.4 with NaOH and the osmolarity was set to ~305 mOsm
with sucrose. In some experiments, the BaCl, concentration
was decreased to 1 mM, and this was compensated by increasing
the NaCl concentration to 130 mM. In the experiments that used
Ca** channel modulators, the control bath solution contained
L-type Ca®* channel activator 10 pM (-)BayK8644 (Sigma-Aldrich)
or L-type Ca** channel inhibitor 10 uM nifedipine (Sigma-Aldrich).
The recordings were made in voltage-clamp mode using the
Axopatch200B patch-clamp amplifier connected to an acquisi-
tion computer via AD/DA Digidatal440 (Molecular Devices,
CA). Potentials were corrected for a 10 mV liquid junction
potential during data analysis. Access resistance was <25 MQ
and membrane resistance was >300 MQ. The membrane
capacitance was 33 4 5 pF (mean + SEM, n = 9) for hESC-RPE
cells and 23 + 3 pF (mean + SEM, n = 3) for mouse RPE cells.
The depletion of the currents in hESC-RPE cells in whole-cell
configuration was —11 + 3% during 19 £ 5 minutes (mean +
SEM, n = 3) measured using a 50 ms voltage step from —100
to 10 mV. The measurements lasted for a shorter time than
that of depletion. Current-voltage (IV)-curves were obtained
from the peak value of the current at given voltages. Conduc-
tance (G) was calculated as G = I/(V-Vg), where Vg is the
reversal potential.

Indirect Immunofluorescence Staining

For immunofluorescence staining, hESC-RPE monolayers and
mouse RPE eyecups were fixed for 15 minutes with 4% parafor-
maldehyde. The hESC-RPE monolayers and mouse RPE eyecup
whole mount preparations were permeabilized by 15 minutes
incubation in 0.1% Triton X-100 (Sigma-Aldrich) at RT. This was
followed by incubation with 3% BSA in phosphate-buffered
saline (PBS) (Sigma-Aldrich) at RT for 1 hour. Primary antibodies
for Cayl1.1, Cayl.2, Cayl.3, Cay3.1, Cay3.2, Cay3.3 (1:100; Alo-
mone Labs, Jerusalem, Israel), cellular retinaldehyde-binding
protein (CRALBP; 1:500; Abcam, UK), zonula occludens (ZO-1;
1:50; Life Technologies), claudin-3 (1:80; Thermo Fisher Scien-
tific), ezrin (1:100; Abcam, UK), acetylated a-tubulin (1:1,000;
Sigma-Aldrich), and pericentrin (PCNT; 1:200; Abcam, UK) were
diluted in 3% BSA-PBS and incubated for 1 hour at RT. The sam-
ples were then washed four times with PBS, followed by 1 hour
incubation at RT with the secondary antibodies donkey anti-
rabbit or anti-mouse Alexa Fluor 488 and donkey anti-rabbit or
anti-mouse Alexa Fluor 568 (1:200; Life Technologies) as well as
goat anti-rabbit or anti-mouse Alexa Fluor 488 and goat anti-
mouse Alexa Fluor 568 (1:200; Thermo Fisher Scientific) diluted
in 3% BSA-PBS. Phalloidin was visualized using Phalloidin-Atto
633 (1:100; Sigma-Aldrich), an Alexa Fluor 568 conjugate (1:400;
Sigma-Aldrich) or an Alexa Fluor 647 conjugate (1:50; Life Tech-
nologies). The washes with PBS were repeated and the nuclei
were stained with the 4’,6-diamidino-2-phenylidole included in
the mounting medium (Life Technologies).

For paraffin embedded vertical sections, the hESC-RPE
monolayers and mouse eyecups with retina attached were
infused in paraffin blocks and cut into 7 um vertical sections
with a Leica SM2000 R or Leica SM2010 R sliding microtome
(Leica Biosystems). The sections were then attached on glass
coverslides by 1 hour incubation at 60°C. The samples were
deparaffinized and hydrolyzed using xylene and ethanol series.

www.StemCellsTM.com

Antigen retrieval was carried out by microwaving the samples
in 10 mM sodium citrate in 0.05% Tween20 (Sigma Aldrich).
The samples were blocked using 10% donkey serum and 5%
BSA in tris-buffered saline (TBS) for 1 hour at 37°C. After this,
they were washed twice in 0.02% Tween20-TBS. The Cay pri-
mary antibodies listed above, as well as Na*/K*-ATPase (1:200;
Abcam) and Bestrophin-1 (1:500; Lagen laboratories) were
diluted in 1% BSA-TBS and incubated overnight at 4°C. The
samples were then washed twice with 0.02% Tween20-TBS.
The secondary antibodies introduced above were diluted with
1% BSA-TBS and incubated for 1 hour at RT, followed by two
washes and mounting as described above.

Confocal Microscopy and Image Processing

Confocal microscopy was performed with a Zeiss LSM780 or
LSM700 laser scanning confocal microscope (LSCM) on an
inverted Zeiss Cell Observer microscope (Zeiss, Jena, Germany)
and Plan-Apochromat Xx63/1.4 oil immersion objective. Voxel
size was set to x = y = 66 nm and z = 100-200 nm and image
size to 512 x 512 or 1,024 x 1,024 pixels. Reflection imaging
was conducted by collecting light from the 488 nm laser line by
using 20/80 dichroic beam splitter and 480-492 nm emission
window at the photomultiplier tube detector. The images were
saved in czi-format and processed with Imagel [61], adjusting
only brightness and contrast, and panels were assembled using
Adobe Photoshop CS6 (Adobe Systems, San Jose).

Pulse-Chase Phagocytosis Assay

Mature hESC-RPE monolayers on culture inserts were pre-
incubated for 24 hours at 37°C in the control medium or in the
presence of the L-type Cay modulators 10 pM (-)Bayk8644, or
10 pM nifedipine, or T-type Cay inhibitor 5 pM ML218 (Sigma-
Aldrich). For phagocytosis assay, POS fragments were isolated
and purified from fresh porcine eyes obtained from a local
slaughterhouse as described before [58, 62]. The POS particles
were suspended to 10% fetal bovine serum (FBS) containing
medium in control or in one of the drug containing conditions.
In the pulse stage, equal amounts of POS containing media were
added on the apical sides of the hESC-RPE inserts and incubated
for 30 minutes at 37°C. For the chase stage, the media were
changed back to 10% FBS medium with or without the drugs,
and the hESC-RPE inserts were further incubated for 2 hours at
37°C. After this, the samples were fixed and stained as described
above using the primary antibodies opsin (1:200; Sigma Aldrich)
and ZO-1. The samples were imaged using the Zeiss LSM780
LSCM as described above but by imaging large random fields.
The number of bound and internalized POS particles that were
larger than 1 um in diameter, were counted from maximum
intensity projection images after performing Gaussian blur using
Imagel. The assay was performed with three inserts in each con-
dition and data from 5 to 6 images from each of the three
inserts was pooled together resulting in n = 15-16.

Enzyme-Linked Immunosorbent Assay for VEGF
Secretion

Secretion of VEGF by mature hESC-RPE was assessed with a
commercially available human VEGF Quantikine enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems, MN) according
to the manufacturer’s instructions. Briefly, the polarized VEGF
secretion in control conditions was studied by collecting medium
samples separately from the apical and basolateral sides of the
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insert after 24 hours incubation with three replicates. To test
the effect of Cay channel modulators on VEGF secretion, we
measured the total VEGF concentration secreted through both
apical and basolateral cell membranes. The inserts were incu-
bated 24 hours in different pharmacological conditions: in 1%
FBS medium in control conditions, or in this medium together
with 10 pM (-)BayK8644, 10 uM nifedipine or 5 pM ML218
with eight to nine replicates. The VEGF concentration from the
collected medium samples was normalized to the number of
cells based on cell counting under the Zeiss LSM780 LSCM
using X20 or X63 objective.

Statistical Analysis

The data is stated as mean £ SEM (n, p), where n refers to the
number of samples used to generate the data set and p refers
to statistical significance. The data was tested for normality using
the Shapiro-Wilk normality test. Some of the data sets did not
meet the normality criteria. Thus, a pair-wise comparison of the
test conditions to control condition was conducted using non-
parametric Mann-Whitney U test to confirm the possible statisti-
cal significance between the experimental conditions.

RESULTS

Currents Through Voltage-Gated Ca®* Channels in
hESC-RPE

In control conditions with 10 mM extracellular Ba%*, whole-cell
voltage clamp recordings revealed voltage-gated currents in
single hESC-RPE cells (Fig. 1A) dissociated from a mature RPE
monolayer (Fig. 1B). In response to a 50 ms voltage pulse from
—80 to 60 mV in 10 mV steps, nine cells showed slowly or non-
inactivating currents (Fig. 1C). Based on the normalized and
averaged IV-curve (n = 9), the current activated at low poten-
tials reaching maximum at 10 mV (Fig. 1D). The normalized and
averaged GV-curve showed half maximum conductance at
—7 + 3 mV (n = 9) (Fig. 1E). Typical to L-type Ca’* channels
[47, 48], diminishing the Ba?* content from 10 to 1 mM
decreased the maximum current density from 2.4 + 0.5
pA-pF~* (n = 9) to 1.3 & 0.3 pA-pF~* (n = 7) (Fig. 1F). In addi-
tion, three cells showed fast transient currents (Fig. 1G) with
inactivation time constant 6 & 1 ms (n = 3). The current pattern
indicated that hESC-RPE is likely to express both slowly inacti-
vating L-type currents and fast inactivating T-type resembling
currents. However, a detailed characterization of the fast inacti-
vating currents was not possible as will be discussed later.

The Effects of L-Type Ca®* Channel Activator and
Inhibitor

The effects of (-)BayK8644 and nifedipine, well-characterized
activator and inhibitor of the L-type Ca** channels, were tested
for the slowly inactivating currents. These currents were
increased by 10 pM (-)Bayk8644 (Fig. 2A, 2C) and decreased
by 10 uM nifedipine (Fig. 2B, 2D). Comparison with the control
current at maximum amplitude revealed that the slowly inacti-
vating current increased after (-)Bayk8644 application by
80 + 9% (n = 3, p < .05) (Fig. 2E) and decreased after nifedi-
pine application by 56 + 5% (n = 4, p < .05) (Fig. 2F). Both
effects were statistically significant. These recordings confirm
that the slowly inactivating currents were carried by the L-type
Ca** channels.
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Localization of Voltage-Gated Ca** Channels in
hESC-RPE

To evaluate the localization of the Cay channels detected in the
patch-clamp measurements in hESC-RPE, we performed anti-
body labeling against the L-type Ca®* channels Cayl.1-Cay1.3
and the T-type Ca®* channels Cay3.1-Cay3.3, together with
markers for actin cytoskeleton, RPE maturity, and polarization.
The hESC-RPE showed a typical expression of CRALBP (Fig. 3A)
and Na*/K*-ATPase (Fig. 3F) on the apical side of the monolayer,
as well as Bestrophin-1 primarily on the basolateral side (Fig. 3F).
Zonula occludens (ZO-1) (Fig. 3B) and claudin-3 (Fig. 3C) co-
localized on the cell-cell junctions with the circumferential
bands of actin (phalloidin), characteristic to mature RPE [63].
This data, together with the TER value of over 200 Q cm?,
strong pigmentation and cobblestone morphology (see Fig. 1B),
indicate the maturity and polarization of our hESC-RPE.

The most prominent staining in hESC-RPE monolayers was
detected for the subtypes Cayl.3 and Cay3.1, both localizing
strongly at the apical membrane (Fig. 3D, 3E). Staining of these
subtypes together with RPE microvilli marker ezrin revealed the
localization of Cay1.3 right below the microvilli (Supporting
Information Fig. S1A) and Cay3.1 at the microvilli (Supporting
Information Fig. S1B). Since pigmentation hinders the visualiza-
tion of the basolateral side (see yz confocal sections in Fig. 3),
we performed immunostainings on paraffin embedded vertical
sections of the hESC-RPE. This confirmed the apical localization
of the subtypes Cayl.3 (Fig. 3H) and Cay,3.1 (Fig. 3I) and
revealed a pronounced basolateral localization of Cayl.3
(Fig. 3H). Furthermore, in hESC-RPE, we observed basolateral
localization of Cay1.2 (Fig. 3G), and basolateral and junctional
localization of Cay3.2 (Fig. 3J). The Cayl1.1 and Cay3.3 subtypes
were not detected (data not shown).

Voltage-Gated Ca®* Channels in Mouse RPE

To compare the currents through voltage-gated Ca** channels in
hESC-RPE with native tissue, patch-clamp recordings were per-
formed from the cells of freshly isolated mouse RPE (Fig. 4).
An investigation of currents in whole-cell configuration as a
response to series of depolarizing voltage steps from —80 to
+60 mV revealed slowly inactivating currents in the recordings
(Fig. 4A). The currents activated at low potentials reaching the
maximum at 20 mV in the normalized and averaged IV-curve
(n = 4) (Fig. 4B). The half maximum conductance was reached at
—6 + 3 mV (n = 4) based on the normalized and averaged GV-
curve (Fig. 4C). The maximum current density of the slowly inacti-
vating current was 2.3 & 0.6 pA-pF ™" (n = 4). Thus, the current
characteristics of the voltage-gated Ca** channels in mouse RPE
were comparable to those we identified in hESC-RPE.

Antibody labeling, similar to hESC-RPE, was performed on
mouse RPE-eyecup whole mount preparations (Fig. 4D, 4E,
Supporting Information Fig. S1C, S1D) and vertical sections of
paraffin embedded eyecups (Fig. 4F—4l). The channel localiza-
tion in mouse RPE followed similar characteristics as in hESC-
RPE with the exception that the apically localized Cay3.1 was
also detected at the basolateral side in mouse RPE (Fig. 4H).
Furthermore, it is worth pointing out, that the uniform apical
staining profile of Cay1.3 observed in hESC-RPE (Fig. 3D, 3H,
Supporting Information Fig. S1A) was especially strongly
detected in mouse RPE (Fig. 4D, 4G, Supporting Information
Fig. S1C).
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Figure 1. Voltage-gated currents in hESC-RPE. Examples of bright-field microscopy images of (A) a single hESC-RPE cell showing pigmen-
ted apical and non-pigmented basal sides and (B) a mature hESC-RPE monolayer with representative RPE morphology, scale bars 10 pm.
Whole-cell voltage clamp recordings were carried out from single hESC-RPE cells. (C): A typical example of the slowly inactivating current
elicited by 50 ms voltage steps from —80 to +60 mV in 10 mV increments. Normalized and averaged (D) IV-curve and (E) GV-curve of the
slowly inactivating current (mean 4 SEM, n = 9, cell lines 08/017 and 08/023, days post-confluence 73-128). (F): Averaged maximum cur-
rent densities (obtained at 10 mV) of the slowly inactivating current in 10 mM Ba* (n = 9) and in 1 mM Ba** (n = 7, cell lines 08/017 and
08/023, days post-confluence 109-127). The difference in the current densities was statistically significant. (G): A typical example of the
fast inactivating current elicited by 50 ms voltage steps from —80 to +10 mV in 10 mV increments (cell line 08/023, days post-confluence
109). *Statistically significant difference with p < .05.

VEGF Secretion in hESC-RPE was 588 + 37 pg/10° cells to the apical side and 1,290 =+
In hESC-RPE, characteristic to RPE physiology, VEGF secretion 38 pg/10° cells to the basolateral side (n = 3). Since the L-type
was polarized. Consistent with this, we found that the amount Ca®* channels have been reported to play an important role in
of VEGF secreted after a 24 hour incubation in control conditions VEGF secretion [43], we investigated the effect of their
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Figure 2. Responses of the currents to Ca** channel modulators. Whole-cell measurements of currents as responses to voltage pulses

from —80 to +60 mV in 10 mV increments for 50 ms duration were performed before and after the application of the specific drugs.
Examples of the effects of (A) L-type Ca®* channel activator 10 uM (-)Bayk8644 and (B) L-type Ca®* channel inhibitor 10 pM nifedipine on
Ba%* currents in hESC-RPE and (C, D) the corresponding IV-curves, respectively. Changes in maximum current amplitudes presented as
percentages from control conditions (mean 4 SEM) show that both (E) activation with (-)BayK8644 (n = 3, cell line 08/017, days post-
confluence 73-74) and (F) inhibition with nifedipine (n = 4, cell line 08/017, days post-confluence 73—-99) resulted in statistically significant
changes in the recorded currents. *Statistically significant difference with p < .05.

pharmacological modulation on the total amount of secreted
VEGF in hESC-RPE. We followed the apical and basal secretion
concurrently (Fig. 5) thus addressing the role of both apically
and basally localized Ca®* channels in the overall secretion. In
control conditions, the total VEGF concentration in the
medium after the 24 hour incubation was 1,950 + 70 pg/10°
cells (n = 9). Manipulation of the L-type Ca®* channel activity
directly affected the VEGF secretion as the activator (-)
BayK8644 increased the secretion by 24 + 9% (n =9, p < .05)
and the inhibitor nifedipine decreased the secretion by
19 + 9% (n = 8, p < .05). Both effects were statistically signifi-
cant. However, inhibition of the T-type channels by ML218
had little effect on the VEGF secretion (8 £+ 14% increase,
n=28,p>.05).

Voltage-Gated Ca®* Channels Regulate POS
Phagocytosis in hESC-RPE

Previous studies indicate that L-type Ca** channels participate
in the regulation of phagocytosis in RPE [41, 64]. Thus, we
investigated the role of Cay channels in POS phagocytosis in
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hESC-RPE by pharmacologically modulating these channels
during our phagocytosis assay. These experiments and subse-
quent labeling with opsin and ZO-1 showed a reduction in the
total number of bound and internalized POS particles in the
presence of either L-type channel activator or inhibitor, but an
increase in the particle number in the presence of T-type
channel inhibitor (Fig. 6). More specifically, the median value
of POS particles in a randomly taken confocal image field
decreased from the control conditions (n = 16, Fig. 6A, 6E) by
30% when the L-type channels were activated by (-)Bayk8644
(n = 16, p < .001, Fig. 6B, 6E). A higher decrease of 62%
occurred when the L-type Ca®* channels were inhibited by
nifedipine (n = 15, p < .001, Fig. 6C, 6E). Interestingly, we
found that T-type Ca®* channel inhibitor ML218 (Fig. 6D, 6E)
increased the number of POS particles by 32% (n = 16,
p < .05). All the effects were statistically significant.

Localization of Cay1.3 During hESC-RPE Maturation

It is well established that protein expression and localization
change during RPE maturation [65]). We addressed this considering
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the localization of the primary Cay, channel subtype, Cay1.3,
during hESC-RPE maturation. We immunolabeled Cay1.3
together with pericentrin (PCNT), a protein localized in the
centrosomes at the base of the primary cilia, that have been
recently shown to be important for RPE maturation [66, 67].
Figure 7 shows how the localization of these proteins changed
remarkably during maturation. Fusiform hESC-RPE cells on the
first day post-confluence (Supporting Information Fig. S2A)
expressed Cayl.3 throughout the cell (Fig. 7A), and PCNT

appeared as distinct puncta on the apical side. After 6 days
post-confluence, the cells gained more epithelioid morphology
(Supporting Information Fig. S2B) and Cay1.3 started to local-
ize also to the apical and basal RPE cell membranes with
brighter puncta forming on the apical side (Fig. 7B). Interest-
ingly, these puncta showed co-localization with PCNT. The
hESC-RPE cells obtained cobblestone morphology around
31 days post-confluence (Supporting Information Fig. S2C), and
from this time point onwards, Cayl.3 was present more
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Figure 3. Localization of Cay channels in hESC-RPE. Immunostainings of RPE monolayers with xy-maximum intensity projections and yz-
confocal sections (apical side upwards, localization of the section highlighted with a white bar). Actin cytoskeleton (phalloidin, red)
labeled together with (A) RPE marker CRALBP (green, cell line 08/017, days post-confluence 91), (B) tight junction markers ZO-1, (green,
cell line 08/017, days post-confluence 74) and (C) claudin-3 (green, cell line 08/017, days post-confluence 91), (D) L-type Ca®* channel
Cayl.3 (green, cell line 08/017, days post-confluence 109), and (E) T-type Ca®* channel Cay3.1 (green, cell line 08/023, days post-
confluence 66). Immunostainings of paraffin embedded hESC-RPE vertical sections with xy-maximum intensity projections (apical side
upwards). (F): Cell polarization markers Na*/K*-ATPase (red) and Bestrophin-1 (green, cell line 08/023, days post-confluence 91). Cell
nuclei (DAPI, blue) together with L-type Ca?* channels (G) Cay1.2 (green, cell line 08/017, days post-confluence 84) and (H) Cay1.3 (green,
cell line 08/023, days post-confluence 91), and T-type Ca** channels (I) Cay3.1 (green, cell line 08/017, days post-confluence 84) and (J)
Cay3.2 (green, cell line 08/017, days post-confluence 84). Scale bars 10 pm. Abbreviations: Cay, voltage-gated Ca®* channel; CRALBP, cellu-
lar retinaldehyde-binding protein; ZO-1, Zonula occludens; DAPI, 4’,6-diamidino-2-phenylidole; hESC, human embryonic stem cell; RPE, ret-
inal pigment epithelium.
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strongly on the apical and basolateral cell membranes (Fig. 7C).
The apical side puncta were pronounced and appeared as one
distinct cluster per cell co-localizing strongly with PCNT (Fig. 7C).
Immunolabeling Cay1.3 with acetylated a-tubulin (Fig. 7E)
showed the localization of Cay1.3 near the base of the primary
cilia. With increasing maturation, the apical staining of Cayl1.3
became more prominent and more homogeneous, while basolat-
eral staining started to be difficult to detect due to increased pig-
mentation. At 84 days post-confluence (Fig. 7D), fairly uniform
apical localization of Cay1.3 was present in hESC-RPE, although
the puncta, co-localizing with PCNT, could still be distinguished.
At this time point, PCNT localized near the apical centers of the
cobblestone hESC-RPE cells (Fig. 7D, Supporting Information
Fig. S2D), characteristic to mature RPE [67]. This data suggest
that with increasing maturation, hESC-RPE started to gain the
homogeneous apical localization of Cayl.3 detected in mouse
RPE (Fig. 4D).

DISCUSSION

Stem cell-derived RPE provides great potential for novel cell
transplantation therapies and research has already proceeded
to clinical trials [6-21]. Essential for the success of these thera-
pies, stem cell-derived RPE has been shown to perform several
key RPE functions [27-36]. However, the functionality of the
ion channels and specifically the voltage-gated Ca®* channels
in these cells remain poorly known, even though many of the
critical RPE functions are related to Ca?* activity. This raises
the question whether the stem cell-derived RPE destined for
clinical purposes sufficiently resembles its native counterpart,
and can thus replace the functions of lost cells. The present
study addressed this issue by investigating the Cay channels in
hESC-RPE. Using patch-clamp recordings and immunostainings,

© 2018 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by

Wiley Periodicals, Inc. on behalf of AlphaMed Press

we showed the presence of functional L-type Ca** channels in
hESC-RPE that are comparable to native mouse RPE.

In our study, two current types were detected, the slowly
inactivating current and the fast inactivating current. We con-
firmed that the main current type, the slowly inactivating cur-
rent, results from the activity of L-type Ca* channels since the
current responses and IV-curves in this study resembled the
previous recordings of L-type currents from various types of
native RPE [43, 46-48]. Moreover, the sensitivity of the current
to the L-type Ca®* channel activator (-)BayK8644 [45-50, 53]
and the inhibitor nifedipine [43, 44, 47, 48, 51] further indi-
cated the presence of L-type currents in our measurements.
The recorded current is likely to be carried primarily through
Cayl.3 channels. This conclusion is based on the voltage-
dependent activation of the currents at rather negative poten-
tials [68], shape of the IV-curve characteristic to the Cayl.3
subtype [43, 46, 55], and slow inactivation of the current. It is
still likely that Cay1.2 channels contribute to the recorded cur-
rent as well, since our immunostainings confirmed the pres-
ence of both of the L-type Ca®* channels, Cay1.2 and Cay1.3,
in hESC-RPE. To date, Cayl1.3 subtype has been reported to
only localize basolaterally in murine [54] and porcine [55] RPE.
Our data showed that both hESC- and mouse RPE express the
Cay1.3 subtype also on the apical cell membrane, in addition
to the basolateral membrane.

It is worth noting that patch-clamp recordings from pri-
mary RPE cultures show differences in L-type current charac-
teristics when compared with our recordings from hESC-RPE
[43, 45, 49, 50, 53], especially regarding the more negative
activation threshold and the weaker slope of activation pre-
sent in our study. The reason for this remains to be investi-
gated, but it may be related to differences in phosphorylation,
splicing variants, or the composition of the accessory sub-
units [69, 70]. Yet, the contribution of other Ca®* conducting
channels on the currents recorded in this study for hESC-RPE
and native mouse RPE cannot be excluded. Several Ca”*-
conducting channels, such as store-operated Orai channels [71]
and transient receptor potential (TRP) channels [41, 72-74],
have important roles in the physiology of RPE. Relevant for this
study, TRP channels are involved in the phagocytosis [41] and
VEGF secretion [73]. In addition to these other Ca®*-conductivi-
ties, the effect of cell dissociation to patch-clamp recordings
needs to be taken into account. Cell—cell junctions break down
in cell dissociation causing epithelial cells to lose their polarity,
which compromises their normal ability to express and recycle
proteins. This has a strong influence on the endocytotic pro-
cesses that are important for the internalization of ion channels,
regulating their numbers in the cell membrane [75]. Therefore,
after cell dissociation, ion channels can be re-distributed to the
intracellular compartments and those currents will thus be
absent from the patch-clamp recordings.

In addition to L-type currents, our patch-clamp recordings
revealed the presence of fast transient currents in hESC-RPE.
The kinetics of these currents were comparable to those previ-
ously reported for the T-type Ca>* channels in cultured human
RPE [46], although faster than typically reported for other cell
types (reviewed in [76]). Similar to the findings of the previous
study [46], the fast transient currents were almost exclusively
recorded in combination with the slowly inactivating current,
which hindered their further analysis. In addition, TTX-sensitive
currents can also contribute to the fast transient conductance
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[60, 77] and make this current component extremely difficult
to investigate. In immunostainings, we observed Ca,3.1 and
Cay3.2 in both hESC- and mouse RPE. Cay3.1 was localized api-
cally at the microvilli in the both studied RPE cell types, while
it was found also at the basolateral cell membrane in mouse RPE.

VEGF has a role in angiogenesis and vascular permeability,
and therefore anti-VEGF agents are commonly used in the
treatment of AMD [78]. In healthy RPE, VEGF secretion occurs
in a polarized manner with significantly more pronounced
secretion from the basal side [79, 80], as we showed here for

hESC-RPE. This secretion is regulated by several factors includ-
ing hyperosmolarity [81], hyperthermia [82], oxidative stress
[83], and heat-sensitive TRPV channels [73]. Particularly rele-
vant for this study, modulating the L-type Ca* channel activity
has been shown to directly correlate with the VEGF secretion
level [43]. Our ELISA results indicated similar behavior as the
activator (-)BayK8644 increased the VEGF secretion and the
inhibitor nifedipine decreased the VEGF secretion. This demon-
strates that the L-type Ca®* channels participate in the regula-
tion of VEGF secretion in hESC-RPE. However, it is worth

Mouse RPE
A B
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Figure 4. Cay channels in mouse RPE. (A): An example of the slowly inactivating L-type current measured in whole-cell configuration
and elicited by 50 ms voltage steps from —80 to +60 mV in 10 mV increments. (B): Normalized and averaged IV-curve of the L-type cur-
rent (mean + SEM, n = 4). (C): Normalized and averaged GV-curve of the L-type current (mean & SEM, n = 4). Localization of the Cay
channels assessed by immunostainings of mouse RPE-eyecup whole mount preparations. Confocal images show the xy-maximum intensity
projections and yz-confocal sections of the samples (apical side upwards, localization of the section highlighted with a white bar). Actin
cytoskeleton (phalloidin, red) together with (D) L-type Ca®>* channel Cay1.3 (green), and (E) T-type Ca®* channel Cay3.1 (green). Immunos-
tainings of paraffin embedded vertical sections of mouse eyecups shown as xy-maximum intensity projections (apical side upwards). BF
images together with L-type Ca?* channels (F) Cay1.2 (green) and (G) Cay1.3 (green), and T-type Ca®* channels (H) Cay3.1 (green) and (1)
Cay3.2 (green). Scale bars 10 pm. Abbreviations: Cay, voltage-gated Ca®* channel; BF, bright-field; RPE, retinal pigment epithelium.
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noting that the cell culture insert membrane with randomly
spaced 1 pm holes may hinder both the diffusion of the drug
to the basolateral cell membrane and the secretion of VEGF to
the medium. Since the VEGF secretion is more pronounced
in the basolateral side of the RPE, the structural constraints
from the insert may lower the effect of pharmacological Ca**
channel modulation on VEGF secretion.

Photoreceptor renewal is a critical task for RPE to maintain
vision [2], and insufficient phagocytosis often leads to retinal
diseases [84, 85]. Several ion channels, including the L-type
Ca** channels, are known to have regulatory roles in phagocy-
tosis in RPE [41, 64]. We found that in hESC-RPE, in line with
the previous studies [64], inhibition of the L-type Ca?* chan-
nels by nifedipine decreased the phagocytosis remarkably. On
the other hand, activation of these channels by (-)BayK8644
also decreased the number of phagocytosed POS particles,
although to a lesser extent. Interestingly, it was reported that
in primary porcine RPE, the activation of L-type Ca®* channels
had no effect on phagocytosis, and this was suggested to be a
consequence of the regulatory effect of bestrophin-1 setting a
limit to L-type Ca®* channel activity [41]. When comparing
these results to our data, we want to point out that we used a
pulse-chase POS phagocytosis assay, while Mdller et al. [41]
used an assay with continuous POS supply to the RPE cells
that may lead to distinct outcomes. Moreover, it is possible
that bestrophin-1 expression levels are much lower in hESC-
RPE compared to primary porcine RPE [41] thus diminishing
the regulatory effect of bestrophin-1 on L-type Ca** channels
in our cells. Besides, the influence of Ca®* in phagocytosis can
also be inhibitory: increase in intracellular Ca** and subse-
quent activation of protein kinase C has been shown to reduce
POS ingestion [86]. These observations indicate that the role
for the L-type Ca®* channels in the regulation of POS phagocy-
tosis is a complex process (see also [41, 64]) and may include
negative feedback mechanisms, especially after prolonged
channel activation. Furthermore, it is known that these chan-
nels participate in the regulation of phagocytosis in concert
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bound or ingested POS particles following T-type Ca** channel
inhibition is similar to the effect of bestrophin-1 inhibition
[41]. Analogous to bestrophin-1 [87], T-type Ca®* channels are
indicated to interact with the B subunits of the L-type ca**
channels [88]. This implies a possible role for the T-type chan-
nels to inhibit L-type channels through their interaction with 3
subunits. Taken together, these data demonstrate a need for
further studies in elucidating the concerted functioning of Ca®*
conducting channels in the regulation of phagocytosis.

Regardless of the close resemblance between stem cell-
derived and native RPE demonstrated for their proteome [29],
capability of phagocytosis [27, 28, 30-32], VEGF secretion
[32-34], and visual cycle [35, 36], many important differences
have also been reported. These include a lower efficiency in
the phagocytosis of POSs [89] as well as differences in growth
factor secretion [90] and expression of adhesion junction and
membrane transport genes [37]. We used mouse RPE as the
native counterpart for hESC-RPE in our studies due to unavail-
ability of live human RPE tissue. Previous work on gene and
protein expression profiles of human and mouse RPE show
high similarity regarding general biological functions, canonical
pathways, and molecular networks [91, 92]. However, there
are important species-specific differences between human and
mouse RPE. These include immune regulation genes and genes
related to the development of AMD and Usher syndrome [92]
as well as the well-known anatomical differences such as the
absence of macula in the mouse and differences in rod and
cone types and distributions.

We studied the functionality of Cay channels in mature
hESC-RPE where the localization of the primary Cay channel
subtype, Cayl.3, started to resemble native RPE. During
maturation, we observed significant changes in Cay1.3 localiza-
tion in hESC-RPE implying that ion channels can be highly
sensitive to the level of tissue maturity. This has been previ-
ously suggested at least for Bestrophin-1 in RPE [32, 93]. We
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Figure 5. VEGF secretion from hESC-RPE. Total concentrations of
VEGF secreted by the hESC-RPE after 24-hour incubation in control
medium alone (n = 9) as well as in control medium with L-type
Ca®* channel activator 10 uM (-)Bayk8644 (n = 9), L-type Ca’*
channel inhibitor 10 pM nifedipine (n = 8), or T-type channel
inhibitor 5 pM ML218 (n = 8) (mean + SEM, cell lines 08/023 and
11/013, days post-confluence 66—147). *Statistically significant dif-
ference with p < .05. Abbreviation: VEGF, vascular endothelial
growth factor.
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Figure 6. The effect of Cay channel modulators on POS phagocytosis in hESC-RPE. Mature hESC-RPE monolayers were incubated with
purified porcine POSs in the pulse-chase phagocytosis assay. Xy-maximun intensity projections of the confocal images show both bound
and internalized POS particles that were stained with opsin (green) together with the tight junction protein ZO-1 (gray) in (A) control con-
ditions, and in the presence of Cay channel modulators (B) (-)BayK8644, (C) nifedipine, or (D) ML218. Scale bars 50 pm. (E): Quantification
of POS particles in control conditions yielded the median value of 485 POS particles/field (n = 16). When modulating the Cay channels
pharmacologically, the value changed in the presence of (-)BayK8644 to 339 POS particles/field (n = 15), nifedipine to 186 POS particles/
field (n = 15), and ML218 to 639 POS particles/field (n = 16). The box limits 25%—75% of the gray data points; the whiskers include
10%—-90% of the data; the center line shows the median value; the black square describes the mean; the black triangles present the mini-
mum and the maximum values. Cell line 11/013, days post-confluence 147. Statistically significant differences with *p < .05 or **p < .001.
Abbreviations: POS, photoreceptor outer segment; ZO-1, Zonula occludens.

showed that in mature hESC-RPE, Cay1.3 localized quite homo- foci that co-localized with PCNT to the base of the primary
geneously on the apical and basolateral cell membranes. cilia. A similar punctuated appearance has been previously
Intriguingly, in maturing hESC-RPE, Cay1.3 appeared as distinct shown for TRP channel TRPM3 in human fetal RPE [94]. PCNT is
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Figure 7. Localization of Cay1.3 during hESC-RPE maturation. Immunolabeling of Cay1.3 (green) together with centrosome protein PCNT

(red) from post-confluence day 1 to post-confluence day 84 at four time points: (A) day 1, (B) day 6, (C) day 31, and (D) day 84 (cell line
08/017). (E): Labeling acetylated a-tubulin (red) together with Cay1.3 (green) shows the localization of Cay1.3 at the base of the primary cilia
during maturation (cell line 08/017, days post-confluence 40). The confocal images are shown as xy-maximum intensity projections and yz-
confocal sections (apical side upwards, localization of the section highlighted with a white bar). Scale bars 10 pm. Abbreviations: Cay, volt-
age-gated Ca”* channel; hESC, human embryonic stem cell; RPE, retinal pigment epithelium; PCNT, pericentrin.

critical for the cilia formation, and relevant for our observations,
PCNT is suggested to recruit protein complexes involved in cilia
assembly and calcium signaling to the base of the primary cilia
[66]. On the other hand, primary cilia has been shown to regu-
late L-type Ca®* channel expression in mouse renal epithelial
cells [95]. This occurs through Wnt signaling [95], and interest-
ingly, recent work shows the importance of the regulation of
Whnt signaling not only for RPE development [96] but also for
RPE maturation [67]. Based on our data and taking into account
these observations in the literature, it is possible, that Cay1.3
participates in ciliogenesis during RPE maturation or that its
expression is coupled to the functioning of primary cilia in RPE
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maturation. This would not be surprising since primary cilia are
important Ca** signaling organelles [97] with the expression of
several different types of Ca** channels [98].

CONCLUSION

In this article, we demonstrate the presence of a functional
machinery of voltage-gated Ca®* channels in hESC-RPE, with
L-type Ca®* channel characteristics highly resembling the
native RPE. We show a regulatory role for L-type Ca®* chan-
nels in VEGF secretion and phagocytosis important for the
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hESC-RPE functionality. We also provide novel information
regarding the apical localization of Cay1.3 in RPE as well as
its co-localization near the base of the primary cilia during
hESC-RPE maturation. Our study represents an initial but sig-
nificant progress toward a better understanding of Cay chan-
nels in stem cell-derived RPE, however, further studies are
needed to elucidate the specific roles for T-type Ca®* channels
in RPE physiology. Overall, the results of the study are promising
for the success of stem cell-based RPE transplantation therapies,
but highlight the need for sufficient RPE maturation as a prereq-
uisite for its fully functional Ca®* machinery.
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Abstract—Retinal pigment epithelium (RPE) is vital for vi-
sion. Its ion channels play important roles in the various func-
tions of RPE that are critical for retinal welfare. These functions
are often disrupted in degenerative eye diseases leading to visual
impairment and even blindness. New treatments are currently
being developed and transplantation of human embryonic stem
cell (hHESC)-derived RPE is showing great promise. For the suc-
cess of these therapies, functionality of the transplantable cells
needs to be verified. Presence of ion channels in hESC-derived
RPE remains poorly known, particularly regarding the various
chloride (CI') channels. We addressed this issue by investigating
the CI' conductivity of hESC-derived RPE by whole-cell patch
clamp recordings followed by immunolabeling of the CI chan-
nels typical to RPE. Our recordings showed a diverse pattern of
slowly inactivating currents characteristic to voltage-dependent
CI' channels (CIC) previously reported for RPE. Some of the
identified currents were modulated by changes in intracellular
calcium concentration. This data, together with the immuno-
labeling, demonstrated the presence of bestrophin-1, cystic fi-
brosis transmembrane regulator (CFTR) and CIC-2 channels in
hESC-derived RPE thus indicating their capability to mimic na-
tive CI' physiology.

Keywords—Retinal pigment epithelium, chloride channels,
human embryonic stem cells, patch clamp, immunolabeling

1. INTRODUCTION

The retinal pigment epithelium (RPE) is a pigmented
monolayer of polarized cells covering the inner wall of the
eye. Located between photoreceptors and choroid, RPE reg-
ulates the transport of nutrients and ions between blood-
stream and subretinal space. RPE fulfils multiple tasks essen-
tial for the visual function such as regeneration of the visual
pigment, phagocytosis, secretion, and light absorption [1].
Malfunctions of RPE have been implicated in the pathogen-
esis of several degenerative eye diseases [2], for which stem
cell derived RPE transplantation therapies provide a potential
treatment.

Many of the maintenance roles of RPE rely on ion chan-
nels. Under physiological conditions, most anion channels
conduct chloride (CI) as it is the predominant permeable an-
ion [1]. These channels are involved in the transepithelial
transport of water, protection against osmotic cell swelling as
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well as pH regulation [3, 4]. The CI- channels found in the
RPE can be broadly classified as volume or voltage depend-
ent, ligand-gated or second messenger activated. These sec-
ond messengers include calcium (Ca") and/or cyclic adeno-
sine monophosphate (CAMP) [1, 5, 6].

The basal C1” conductance is provided by a family of volt-
age-gated Cl™ channels (CIC), mainly by hyperpolarization-
activated CIC-2 channel [1, 6, 7]. The disruption of this chan-
nel has been suggested to lead to retinal degeneration [1]. The
cAMP-activated C1” conductance has been linked to cystic
fibrosis transmembrane regulator (CFTR) protein [4, 8]. Be-
sides its Cl" channel function, CFTR might be involved in the
regulation of other ion channels, transporters and cellular
functions such as release of ATP [8]. Ca**-dependent Cl~
conductance, on the other hand, has been suggested to result
from bestrophin-1. This ubiquitously expressed channel is
modulated by cell volume and acts as a regulator of intracel-
lular Ca?" levels. Importantly, the mutations of bestophin-1
have been associated with various forms of macular dystro-
phy [1, 9].

Despite their importance for RPE physiology, detailed
studies regarding Cl” channels present in human embryonic
stem cell (hESC) derived RPE are still missing. The purpose
of this study was to characterize the Cl" channel composition
of these cells by electrophysiological recordings and immu-
nolabeling. The expression and functionality of these chan-
nels is critical for the success of transplantation therapies.

1. MATERIALS AND METHODS

A. hESC-derived RPE cells

Previously derived hESC lines Regea08/023 and Re-
gea08/017 were used in this study [10]. The hESC culturing
[11] and differentiation [12] were performed as previously
described. Briefly, the hESCs were cultured at 37°C in 5%
CO; on top of feeder cells (CRL-2429TM, ATCC, Manassas,
VA, USA) and the hESC colonies were cultured as floating
aggregates on low cell bind six-well plates (Nalgene NUNC,
Tokyo, Japan). The pigmented areas were dissociated with
TrypLE Select (Invitrogen, UK) and subsequently seeded
onto Collagen IV (5pg/cm?, Sigma-Aldrich) coated 24-well
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plates (Corning® CellBIND®; Corning, Inc., Corning, NY)
with a density of 5.5x10°cells/cm?. The cells were then pas-
saged onto Collagen IV-treated culture inserts (pore size
1um, BD Biocoat, BD Biosciences, San Jose, CA) and cul-
tured until mature.

B. Patch clamp measurements

Whole-cell patch clamp recordings were performed at
room temperature (RT) on hESC-derived RPE by patching
individual cells in the monolayer. In control conditions, patch
pipettes (resistance 4-8 MQ) were filled with internal solu-
tion containing (in mM) 130 CsCl, 5.5 EGTA, 0.5 CaCl,, 4
ATP-Mg, 0.1 GTP-Na, 10 HEPES, 5 NaCl and 5 TeaCl. The
pH was adjusted to 7.2 with CsOH and osmolarity was ad-
justed to 290 mOsm with sucrose. In test conditions, the con-
tent of intracellular CaCl, was decreased to 0 mM, which was
compensated by increasing CsCl to 131 mM. The RPE was
perfused with control external solution containing (in mM):
130 NaCl, 5 TeaCl, 1.1 CaCl,, 1.2 MgCl,, 10 HEPES and 5
glucose. The pH was adjusted to 7.4 with NaOH and the os-
molarity was set to 305 mOsm with sucrose. Recordings were
made in voltage clamp mode using pClamp10.2 software.
Axopatch200B patch clamp amplifier was connected to an
acquisition computer via AD/DA Digidatal440 (Molecular
Devices, CA, USA). Data was filtered with 2 kHz and sam-
pled with 10000 Hz. Current-voltage (IV)-curves were de-
rived from the peak value of the current against applied mem-
brane potential.

C. Immunofluorescence staining and confocal microscopy

The sample preparation and immunolabeling incubations
were carried out at RT. The PBS-washed cells were fixed by
15 min incubation in 4% paraformaldehyde (pH 7.4; Sigma-
Aldrich). After three washes with PBS, sample was permea-
bilized with 0.1% Triton X-100 in PBS (Sigma-Aldrich) for
15min and blocked with 3% BSA in PBS (BSA; Sigma-Al-
drich-Aldrich) for 1h.

Primary antibodies against the following proteins were
used in this study: Bestrophin-1 1:100 (016-Best1-01, Lagen
Laboratories), CFTR 1:50 (MA1-935, Thermo Fisher Scien-
tific), CIC-2 1:200 (ACL-002, Alomone Labs) and Zonula
occludens-1 (ZO-1) 1:50 (33-9100, Life Technologies). All
primary antibodies were diluted in 3% BSA in PBS and in-
cubated for 1h. The cells were washed with PBS and incu-
bated for 1h with conjugated secondary antibodies; goat anti-
rabbit Alexa Fluor 568, donkey anti-rabbit Alexa Fluor 488,
donkey anti-mouse Alexa Fluor 568, donkey anti-mouse
Alexa Fluor 488 (all from Molecular Probes, Thermo Fisher
Scientific) diluted 1:200 in 3% BSA in PBS. Actin was visu-
alized using a direct Phalloidin Atto-633 conjugate 1:50
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(68825, Sigma-Aldrich) and the nuclei were stained with 4
,6'-diamidino-2-phenylidole (DAPI) present in the mounting
medium (P36935, Thermo Fisher Scientific).

Imaging was performed with Zeiss LSM780 LSCM on
inverted Zeiss Cell Observer microscope (Zeiss, Jena, Ger-
many) by using Plan-Apochromat 63x/1.4 oil immersion ob-
jective. Voxel size was set to x=y=66nm and z=200nm. Pix-
els were set to 1024x1024 and stacks of 100-120 slices were
obtained with a line average of 2. The dyes were excited with
(in nm): 405 diode laser (DAPI); 488 Argon laser (Alexa
Fluor 488); 561 DPSS (Alexa Fluor 568); 628 InTune laser
(Atto 633). Emission windows were set to (in nm): 410 — 495
(DAPI), 499 — 579 (Alexa Fluor 488), 579 — 642 (Alexa Fluor
568) and 642 — 755 (Atto-633). Data was saved in .czi format
and the images were processed with ImagelJ [13]. Only linear
brightness and contrast adjustments were performed. Figure
panel was then assembled using Adobe Photoshop CS6
(Adobe Systems, San Jose, USA).

D. Statement of human and animal rights

We have approval from the National Authority for Medi-
colegal Affairs Finland (Dnro 1426/32/300/05) and the sup-
portive statement from the local ethics committee of the Pir-
kanmaa hospital district Finland. These allowed us to derive
and expand hESC-lines from surplus embryos excluded from
infertility treatments and to use the lines for research pur-
poses (R05116). Novel cell lines were not derived in this
study.

1. REsuLTs

A. Voltage-dependent chloride currents in hESC-derived
RPE

Diverse pattern of CI" currents in hESC-derived RPE was de-
tected with patch clamp measurements in whole-cell config-
uration (Fig. 1) with an average membrane capacitance of
54.5+5.0 pF (mean+SEM, n=11). In all measurements, hold-
ing potential was -50mV. Three out of five measured cells
showed currents as a response to 400 ms voltage steps from
-150 mV to 150 mV after 0 mV depolarization (Fig. 1 A).
The corresponding IV-curve demonstrates that negative cur-
rents were activated at around -90 mV and positive currents
at around 40 mV (Fig. 1 B). From the twelve measured cells,
eight responded to stimulation of 400 ms voltage steps from
-50 mV holding potential to 150 mV (Fig. 1 C). The IV-curve
indicates that positive currents activated at around 50 mV
(Fig. 1 D). Three out of seven cells showed currents after a
500 ms depolarizing pre-pulse to 100 mV followed by 500ms
voltage steps from -150mV to OmV (Fig. 1 E). Negative cur-
rents activated at around -50mV (Fig. 1 F).
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Fig. 1 CI' currents in hESC-derived RPE measured in whole-cell configura-
tion. Holding potential was -50 mV in all of the protocols. A) Typical exam-
ple of the current elicited by 400 ms voltage steps in 10 mV increments fol-
lowing depolarization to 0 mV and B) the corresponding IV-curve. C)
Typical response elicited by 400 ms voltage steps in 10 mV increments from
the -50 mV holding potential and D) the corresponding IV-curve. E) Current
elicited after a 500 ms pre-pulse to 100 mV followed by 10 mV voltage steps
from -150mV to 0 mV with 500ms duration and F) the corresponding IV-
curve.

B. The effect of intracellular calcium concentration on
chloride currents

The depletion of intracellular Ca" from 0.5mM to OmM
decreased the positive currents (Fig. 2). At the highest depo-
larizing membrane voltage (150mV), the currents were de-
creased to half of the values in control Ca?* conditions with
both tested protocols (54.3%, Fig. 2 A and 48.4%, Fig. 2 B).
The negative half of the IV-curve showed no Ca** depend-
ency (Fig. 2 A).
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Fig. 2 The effect of intracellular Ca>* on CI' currents in hESC-derived RPE.
Comparison of currents (mean+sem) recorded in 0.5 mM (black) and 0 mM
(grey) intracellular Ca?* A) for the currents shown in Fig. 1 A-B (n=3 in
0.5mM Ca?* and n=3 in 0 mM Ca?"), and B) for the currents shown in Fig. 1
C-D (n=8 in 0.5 mM Ca** and n=4 in 0 mM Ca*").

C. Different chloride channels are found in hESC-derived
RPE

The CI' channel composition of hESC-derived RPE was
characterized further by immunolabeling the channel types
that have previously been reported in RPE (Fig. 3). Our re-
sults showed positive labeling for all tested channel types, but
there was variation in the specific labeling pattern. Of the
tested markers, bestrophin-1 (Fig. 3 A) showed the most uni-
form labeling pattern whereas CFTR (Fig. 3 B) was concen-
trated to ring-type structures in the cells. The labeling of CI1C-
2 was weaker, but observed in both cell-cell junctions as well
as in the cell centers (Fig. 3 C).

'} Phalloidin

Phalloidin

Fig. 3 The localization of different CI" channels in mature hESC-derived
RPE. Laser scanning confocal microscopy Z-maximum intensity projections
of the channels with filamentous actin staining (gray) and ZO-1 (red) to-
gether with A) bestrophin-1 (green) B) CFTR (green) and C) CIC-2 (green).
Scale bars 10pm.
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1v. D1scussioN

CI' channels facilitate several important functions of RPE
[1, 3]. Thus, their presence is vital for the success of trans-
plantation therapies to treat degenerative eye diseases. De-
spite the rich literature regarding CI" channel modulation and
physiological roles [4], detailed studies of their presence in
hESC-derived RPE have been missing.

Our patch clamp measurements revealed a diverse pattern
of slowly inactivating voltage-dependent currents, and their
electrophysiological characteristics resembled previously re-
ported CIC channels [6, 7, 14]. This finding was supported
by our immunostainings that showed the presence of CIC-2
channels in hESC-derived RPE. It is likely that additional
channels participate in the Cl" conductance such as CFTR that
was also found by immunolabeling.

Ca’*-dependency of CI' currents has so far been connected
to changes in intracellular and extracellular Ca®*, calmodu-
lin-dependent protein kinase and cyclic guanosine mono-
phosphate -dependent channels [7]. In this study, we focused
on the modulation by intracellular Ca®*. Our results demon-
strate some level of Ca?*-dependency of the recorded CI' cur-
rents and bestrophin-1 was detected by immunolabeling.
These findings are consistent with the earlier work on
Xenopus RPE [6], but further studies are required to confirm
the specific channel types. This is important since the identi-
fied Ca?*-dependent current could also be carried by the
novel anoctamin channels recently described in RPE [15].

Our studies showed the presence of functional Cl- chan-
nels in hESC-derived RPE. However, their performance in
CIl'-dependent functions, such as fluid transport or pH regu-
lation in hESC-derived RPE, remains to be investigated.

v. CONCLUSION

Different Cl" channels were identified in hESC-derived
RPE by immunolabeling and our recordings demonstrate that
they carry functional currents. Their presence is promising
for the clinical use of hESC-derived RPE and may reflect in
vivo-like physiology regarding Cl'-dependent processes. Fur-
ther studies are required to compare them to native RPE.
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Abstract

Objective

Computational models of calcium (Ca®*) signaling have been constructed for several cell
types. There are, however, no such models for retinal pigment epithelium (RPE). Our aim
was to construct a Ca2* signaling model for RPE based on our experimental data of me-
chanically induced Ca®* wave in the in vitro model of RPE, the ARPE-19 monolayer.

Methods

We combined six essential Ca®* signaling components into a model: stretch-sensitive Ca®*
channels (SSCCs), P,Y receptors, IP receptors, ryanodine receptors, Ca>* pumps, and
gap junctions. The cells in our epithelial model are connected to each other to enable trans-
port of signaling molecules. Parameterization was done by tuning the above model compo-
nents so that the simulated Ca* waves reproduced our control experimental data and data
where gap junctions were blocked.

Results

Our model was able to explain Ca®* signaling in ARPE-19 cells, and the basic mechanism
was found to be as follows: 1) Cells near the stimulus site are likely to conduct Ca®* through
plasma membrane SSCCs and gap junctions conduct the Ca®* and IP; between cells fur-
ther away. 2) Most likely the stimulated cell secretes ligand to the extracellular space where
the ligand diffusion mediates the Ca®* signal so that the ligand concentration decreases
with distance. 3) The phosphorylation of the IP3 receptor defines the cell’s sensitivity to the
extracellular ligand attenuating the Ca* signal in the distance.
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Conclusions

The developed model was able to simulate an array of experimental data including drug ef-
fects. Furthermore, our simulations predict that suramin may interfere ligand binding on
P.Y receptors or accelerate P,Y, receptor phosphorylation, which may partially be the rea-
son for Ca* wave attenuation by suramin. Being the first RPE Ca®* signaling model created
based on experimental data on ARPE-19 cell line, the model offers a platform for further
modeling of native RPE functions.

Introduction

Epithelial tissue covers and lines all internal and external body surfaces. These cell layers have
multiple functions depending on their location, and many of these functions are controlled by
Ca®* activity[1]. Retinal pigment epithelium (RPE), a monolayer of pigmented polarized cells,
is crucial for the maintenance of visual functions. Located in the back of the eye between photo-
receptors and choriocapillaries, RPE forms a vital part of the blood-retinal barrier (BRB)[2].
The physiology of RPE is tightly coupled with the activity of the various ion channels, such as
Ca®* channels that are associated with several important RPE functions including transepithe-
lial transport of ions and water, dark adaption of photoreceptor activity, phagocytosis, secre-
tion, and differentiation[3]. In RPE, as well as in other epithelia, local deformation of the cell
membrane initiates a significant Ca** wave [4-6]. Such deformation of the cell membrane can
occur in clinically important pathological conditions such as retinal tear resulting from compli-
cations after photodynamic therapy[7], intravitreal bevacizumab injection[8], or intravitreal
pegaptanib injection[9]. Intercellular Ca** signaling is also linked to the initial stages of wound
repair: excessive mechanical stimulation causes cell death and thus initiates Ca** waves that
create Ca®* gradients which play an important role in cell migration[1]. In addition, Ca**
waves also regulate the local transepithelial ion transport to maintain the spatial ion gradients
across the epithelium[1]. We recently demonstrated in RPE that an easily induced and repeat-
able Ca** wave could be produced by mechanical stimulation[5]. This provides an experimen-
tal way to study Ca>" activity in the epithelial monolayer.

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

The aim of this study, therefore, is to provide a deeper understanding of the study of Ca**
activity by introducing a detailed computational model of RPE Ca** dynamics. The computa-
tional model described in this paper is based on our experimental data on a mechanically
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induced Ca®" wave in ARPE-19 cells, a commercial immortalized human RPE cell line that is
widely used to assess RPE cell functions in vitro [17-19], regardless of its limitations in cellular
morphology, organization and function [20].

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

Materials and Methods
Experimental data

In this study, the experimental data of Abu Khamidakh et al. 2013[5] was complemented with
new experimental data. Passage numbers for confluent cultures of human RPE immortalized
cells (ARPE-19 cell line [ATCC Manassas, VA, U.S.A.]) were p. 23, 24, 30 for GA-treated data-
set, p. 23, 24, 28, 30 for control data set and p. 29, 30, 31 for GA-suramin-treated data set.
These ARPE-19 cultures were used for Ca** imaging, by loading them with the Ca**-sensitive
dye fura-2-acetoxymethyl ester. Single cell mechanical stimulation, membrane perforation of
one cell, was induced with a glass micropipette. The intracellular Ca** concentration transient
travelled over the ARPE-19 monolayer starting from the mechanically stimulated (MS) cell,
and spreading to the neighboring (NB) cells (Fig 1). The NB cells immediately surrounding the
MS cell were defined as the first NB cell layer (NB layer 1 = NB,); cells immediately surround-
ing the first layer were defined as the second NB layer (NB layer 2 = NB,) and so on. The ratio
of the emitted fluorescence intensities resulting from excitation at 340 and 380 nm (Fs49/Fs50)
was determined for each cell after background correction. Normalized fluorescence (NF),
which reflects the changes in intracellular Ca®* concentration, was then obtained by dividing
the fluorescence value by the mean fluorescence value before the mechanical stimulation.[5]
The experimental work produced data in NF units. The computational model, however, is pre-
sented in absolute calcium concentrations. Due to the lack of absolute reference we consider
the model predictions only relative.

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

The experiments with GA-suramin-treated ARPE-19 cells were not included in the original
paper of Abu Khamidakh et al. 2013[5]. The experimental details concerning the ARPE-19
cells as well as the experimental solutions, infrastructure, and protocols are presented in[5]
with the following exception: the cells were incubated in a solution containing 30uM GA
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Fig 1. Numbering of the cell layers. Schematic representation of the location of the mechanically
stimulated (MS) cell with respect to the neighboring (NB) cell layers: NB; is the first layer which is in direct
contact with the MS cell; NB, is the second layer which is in direct contact with NB;, and so forth. White line
segment marks an apothem (a) of a hexagon.

doi:10.1371/journal.pone.0128434.9001

(incubation time 30 min) and 50pM suramin (incubation time 25 min) prior to mechanical
stimulation. To receive representative data for each NB layer, the raw data was averaged so that
the NF graphs were aligned by the starting time of mechanical stimulation, and the mean val-
ues were calculated for each NB with a one-second sampling rate. This was previously done for
the control data set[5], but the averaging was performed also here for the GA-treated and GA-
suramin-treated data sets.

Indirect immunofluorescence staining. ARPE-19 cells (p. 24, 27, 44, three cover slips
from each passage) were cultured on glass coverslips for two days. For immunofluorescence
staining, the samples were washed three times with PBS and fixed for 15 min with 4% parafor-
maldehyde (pH 7.4; Sigma-Aldrich) at room temperature (RT). After three subsequent washes
with PBS, the samples were permeabilizing by a 15 min incubation in 0.1% Triton X-100 in
PBS (Sigma-Aldrich) at RT. This was followed again by three PBS washes, after which the sam-
ples were incubated with 3% bovine serum albumin (BSA; Sigma-Aldrich) at RT for 1 h. Pri-
mary antibody Zonula Occludens (ZO-1) 1:100 (33-9100, Life Technologies) was diluted in
3% BSA PBS and incubated for 1 h at RT. Samples were then washed four times with PBS, and
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followed by 1h incubation at RT with secondary antibody donkey anti-mouse Alexa Fluor 568
(A10037, Life Technologies) diluted 1:400 in 3% BSA in PBS. The washes with PBS were re-
peated again and nuclei were stained with 4', 6’ diamidino-2-phenylidole (DAPI) included in
the mounting medium (P36935, Life Technologies).

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

Construction of the model

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

Parameters and parameterization

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

The rest of the parameters were fitted with Matlab SimBiology Parameter Fit Task: First, the
parameter values, excluding SSCC and GJ model components, were fitted with GA-treated
data set in NB5 layer. This layer has in general the largest Ca** response from those NB layers
that do not experience any stretch due to mechanical stimulation, according to our assumption.
Secondly, the SSCC model component parameters, excluding the location-specific stretch (8)
parameter (see below), were fitted with the same GA-treated data set in NB1 layer that is as-
sumed to have the largest stretch. These values were then used in all simulations for all data
sets and NB layers. For the control data set with gap junctions, all other parameters were kept
unchanged but the GJ related diffusion parameters, Dz, Dy, In,o. and In,, , were fitted
using NB1 layer. As a boundary condition we assumed that there is no outflow of IP; and Ca*
outside the epithelium, thus Out;, and Out .. were assigned to be zero.
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Table 1. Model design.

Mechanism

Mechanical stimulus applied to MS cell

may stretch ARPE-19 cells near the
site of stimulation [5] resulting in the

opening of SSCCs that conduct Ca®*

from the extracellular space to the

cytoplasm. It is shown that ARPE-19

cells can secrete ligand to the
extracellular space as a response to
stimuli [38].

The ligand, likely ATP or UTP
[3,30,38,54], interacts with G-protein

coupled purinergic receptor type P,Y»

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

IP3 diffuses across the cytoplasm to the
endoplasmic reticulum (ER), where it

interacts with IP3R3 resulting in a
release of Ca®* from the ER[22].

As the cytoplasmic Ca®* concentration

increases, RyRs become activated

releasing more Ca>* to the cytoplasm

from the ER[23].

The cytoplasmic Ca®* concentration is
decreased by the pumping activities of
SERCA and PMCA. IP3 is degraded in

the cytoplasm. Ca* leak currents

maintain the cytoplasmic Ca* baseline

level.

GJs form intercellular connections
between neighboring cells allowing

diffusion of Ca®* and IP; between the

NB layers.

@Designed in this study

bLemon et al. 2003[21]

°LeBeau et al. 1999[22]

Keizer & Levine 1996[23]
®Parameter values of k, modified

Number

\

Component

Stretch-sensitive Ca®*
channel (SSCC)

Purinergic P,Y receptor
(P2Y2)

IP5 receptor type 3
(IP3R3)

Ryanodine receptor
(RyR)

Sarco/endoplasmic
reticulum ATPase
(SERCA), plasma
membrane Ca®* ATPase
(PMCA), Leak

Gap junction (GJ)

Rationale

Cultured rat RPE expresses
SSCCs on plasma membrane
[4,53]. In ARPE-19 [Ca®*]; wave
was seen in NB4-NB, layers even
when the ER was depleted[5],
indicating a Ca®* influx
mechanism independent of the
ER, possibly the SSCCs.

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

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

RyRs, locating on the membrane
of ER participate in Ca**
signaling in rat RPE[4], and
ARPE-19[51].

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

GJs form intercellular connections
in ARPE-19[5], and rat RPE[4,60]
enabling Ca®* wave to spread
over the monolayer.

Equations NB Data set

layer

7-9% 1-4 GA-treated,
Control, GA-
suramin-

treated

10-16° 1-10  GA-treated,
Control, GA-
suramin-

treated®

17-21° 1-10  GA-treated,
Control, GA-
suramin-

treated

22-249 1-10  GA-treated,
Control, GA-
suramin-

treated
GA-treated,
Control, GA-
suramin-
treated

25 1-10

2628 1-10 Control

Hypothesized mechanisms and model components for Ca%* wave propagation after mechanical stimulation with corresponding equations, NB layers, and

data sets.

doi:10.1371/journal.pone.0128434.t001

Location-dependent parameters

Three parameters were assumed to vary according to the location of the cell with respect to the
MS cell: stretch (B) activating the stretch-sensitive Ca** channels (SSCCs), the extracellular li-
gand concentration ([L])[6,16,29,30], and the phosphorylation rate of IP5R; (014)[22]. Ca**
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Fig 2. Schematic diagram of the Ca?* signaling model. Solid arrows represent Ca* fluxes and dashed
arrows IP3 dynamics. Roman numerals denote the model components I-VI. Abbreviations: [Ca?*]; =
cytoplasmic Ca?* concentration, [L] = extracellular ligand concentration, [IP3] = cytoplasmic IP5
concentration, SSCC = stretch-sensitive Ca2* channel, P,Y = purinergic receptor type P,Y», IP3R3 = IP5
receptor type 3, RyR = ryanodine receptor, SERCA = sarco/endoplasmic reticulum Ca?* ATPase,

PMCA = plasma membrane Ca?* ATPase, Leak = combinatory Ca2* leak from the extracellular space and
the endoplasmic reticulum (ER), GJ = gap junction, ¢ = degradation.

doi:10.1371/journal.pone.0128434.9002

concentration was modeled separately in each NB layer. The distance (x) defines the distance
of the NB layer from the MS cell centre that was calculated using the idealized hexacon RPE
cell architecture (Fig 1) as

s
"~ 2tan (12—0) 2n,

(1)

x =a2n

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

The stretch component was present in cell layers NB1-NB4. Stretch (0) was parameterized
in the GA-treated data set separately for each NB layer. The obtained parameters resulted in an
exponentially decaying function corresponding to the decay of an amplitude envelope of a
damped wave in a membrane [31]. This function was then used for modeling the stretch

0 = 0.3426¢ 010, )

where x is the distance from the MS cell (R* = 0.9878).
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Table 2. Constant parameters and initial conditions.
Parameter Description Value Reference
| Stretch-sensitive Ca* channels (SSCCs)
Ksscc Maximal SSCC flux rate 1.025 pM s fitted
k¢ SSCC forward rate constant 0.1382s™ fitted
Ky SSCC backward rate constant 0.04027 s fitted
ke Stretch-relaxation parameter 0.08105 5" fitted
Il Metabotropic receptor P,Y,
Lo Bolus extracellular ligand concentration at x = Oum 1310 uM fitted
Datp Diffusion coefficient of A 236 ym?s™ [61]
[R+] Total number of P,Y,, receptors 2.10* [62]
€] Unphosphorylated receptor dissociation constant 5uM [21]
Kz Phosphorylated receptor dissociation constant 100 pM [21]
K Receptor recycling rate 1.75-107*s™ [21]
Ko Receptor phosphorylation rate 0.03s™ [21]
Ko Receptor endocytosis rate 6-10°s" [21]
g Fraction of mobile receptors 0.85 [21]
[G] Total number of G-protein molecules 1.10° [63]
Kaog IP; degradation rate 1255 [64]
Ka G-protein activation rate 0.017s™ [21]
Kq G-protein deactivation rate 0.15s™ [21]
[(PIP2)1] Total number of PIP, molecules 50-10* [21]
re PIP, replenishment rate 0.015s™ [21]
3} G-protein intrinsic activity parameter 1.238-107° [21]
Ks Dissociation constant for Ca®* binding to PLC 0.4 uM [21]
a Effective signal gain parameter 2.781.107°s™ [21]
Na Avogadro's constant 6.02252 - 10%°
v Volume of the cytoplasmic space 1.07 - 1075 m® see text
1l IP; receptor type 3 (IP;R3)
ay Maximum rate of k4 40uM s [22]
B4 [Ca?*]; for half-maximal k4 0.8 uM [22]
K4 Rate of O to S transition 0.88s™ [22]
ko Rate of O to I, transition 05s™ [22]
ka Rate of |4 to S transition 05s" [22]
Ba [IP3] for half-maximal k4 0.01 pM [22]
ks Rate of I, to S transition 0.02s™ [22]
Kip,p, Maximum IP3R; flux rate 155.8 uM s fitted
IV Ryanodine receptor (RyR)
Ka Keizer & Levine dissociation constant 0.37224 uM [23]
Ko Keizer & Levine dissociation constant 0.63601 uM [23]
Ke Keizer & Levine dissociation constant 0.05714 uM [23]
Kayr Maximum RyR flux rate 16.04 uM s™ fitted
V Ca* pumps and leak current
Veump Maximal pump rate 5.341 uM s™ fitted
Kpump [Ca?*]; for half-maximal Veump 0.5030 uM fitted
Jieak Ca?* leak current 0.1450 M s fitted
VI Gap junctions (GJ)
Dego- Diffusion coefficient of Ca®* through GJs 512.7 ym?s™ fitted
Dy, Diffusion coefficient of IP5 through GJs 913.9 ym? s’ fitted

(Continued)
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Table 2. (Continued)

Parameter Description Value Reference
Ingge. Ca®* input to NB1 -0.003320 pM 5™ fitted
Inge, IP3 input to NB1 0.5771 yM s fitted
Oute, Ca?* output from NB10 ouM s see text
Outy, IP3 output from NB10 OpMs™ see text
Initial conditions (time 0s)

[RS] Total number of unphosphorylated surface receptors 17000 [21]
[RSP] Total number of phosphorylated surface receptors 0 [21]

[G] Basal number of G-protein molecules 14 [21]
[IP3] Basal IP; concentration 0.01 pM [21]
[PIP2] Basal number of PIP, molecules 49997 [21]
[Ca%*); Basal cytoplasmic Ca®* concentration 0.12 yM see text

Most of the parameters were taken from the models of Lemon et al. 2003[21] for P,Y, receptor, LeBeau et al. 1999[22] for IP3R3, and Keizer & Levine
1996[23] for RyR. Reference ‘fitted’ means that the parameter was optimized in this study.

doi:10.1371/journal.pone.0128434.t002

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

L
L(x, ) = ———l /14D 3)

\/ArD ot

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

IP;R; phosphorylation rate (0,4) used in Eq 21 was fitted separately for each NB layer in
GA-treated and control data sets, which resulted in shallowly rising exponential functions
with respect to the distance of the cell from the MS cell (x). The equation for GA-treated data

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

Parameter Description Equation Range
X Distance from the MS cell centre 1 From 12.12 ym (NB1) to 121.24 ym (NB10)
[¢] Stretch 2 (exponential From 0.096 (NB1) to 1.014 107 (NB10)
decay)
L Extracellular ligand concentration 3 (exponential From 26.14 pM (NB1) to 2.61 pM (NB10)
decay)
a4 IP3R3 phosphorylation rate 4 (exponential rise) From 0.0413 s™' (NB1) to 0.1548 s™' (NB10)
5 (exponential rise) From 0.0333 (NB1) to 0.1503 (NB10)
Joren Ca?* flux through GJs 26 From 0.049 pM s (NB1—NB2) to 1.8 10° uM s™
(NB9—NB10)
Jour, 1P flux through GJs 27 From 0.407 uM s™' (NB1—NB2) to 0.022 uM s™' (NB9—NB10)
Area of the cell membranes connecting NB 28 From 1512 um? (NB1) to 10584 um? (NB10)
layers

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

o, = 0.0357¢" 012 (4)
and for control data set (R* = 0.9798)

o, = 0.0282¢"015%, (5)

Similarly to 8 and L, these functions were then used in simulations instead of values from
separate fits.

Model simulations

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

Sensitivity analysis

Sensitivity analysis was performed to evaluate the uncertainty of selected parameters that were
fitted in this study (parameters k;p . , Kryr, Vpump> Kpumps JLeako [1yp,> I, Djp, and Dy, from
Table 2) or behaved as location-specific parameters (parameters 6, L and o, from Table 3). Val-
ues of these parameters were changed -25%, -10%, 0%, +10% and +25% in the model including
all the model components I-VI for the control data set. The influence of these parameter were
studied for NB layers NB1, NB5 and NB10 concentrating on the following features of the Ca*
wave: peak amplitude, time to peak, Ca?* wave width at half maximum, and Ca®* concentra-
tion at the end of the Ca®* wave (at 90 seconds’ time point).

Model prediction of drug effect: suramin

With the model, we investigated the mechanism by which suramin influences the Ca®* waves
in ARPE-19 cells. First, we compared the peak amplitude, time to peak, Ca*>* wave width at half
maximum, and Ca** concentration in the end of the Ca®* wave at 90 seconds’ time point be-
tween two experimental data sets: GA-treated and GA-suramin-treated data sets. Second, we
made sensitivity analysis about the behaviour of P,Y, receptor regulation parameters (K;, K,,
k,, kp, ke, £), since suramin is a known unspecific antagonist of P, receptors. Suramin has also
been suggested to disrupt the coupling between the receptor in the cell membrane and the G-
protein by blocking the association of the G-protein o and By subunits[33]. Hence, the G-pro-
tein cascade parameters k,, k4 and & were also evaluated. The sensitivity analysis was done in
the model for GA-treated data set (including model components I-V) in NB1, NB5 and NB10
layers. The parameter values were changed in the model by -25% and +25% in order to com-
pare the effects of parameter modifications to the observed differences in the experimental data
between GA-treated and GA-suramin-treated data sets. All other parameters were kept un-
changed. Third, based on the results of this approach, the model was fitted to the GA-suramin-
treated data set by refitting those P,Y, receptor and G-protein cascade parameters that were
observed to change the Ca>* curve similarly to the differences seen in the experimental data be-
tween GA-treated and GA-suramin-treated data sets. This was done with Matlab SimBiology
Parameter Fit task for each NB layer.
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Detailed model equations
Time dependent changes in intracellular Ca®* concentration [Ca**]; are presented in the model

. . 2.
as a combination of Ca** fluxes

d[Ca®*],
dt

= ]ssu: + ]IP_{Rj + ]RyR - ]Pump + ]Leak + ](;1,(:a'2+a (6)

where the subscripts indicate the source of the flux: stretch-sensitive Ca®" channels (Jsscc), ino-
sitol 1,4,5-trisphosphate (IP;) receptor type 3 (]“,3 RJ), and ryanodine receptor (Jryr)- Jpump
combines the Ca®" pumping functions of sarco/endoplasmic reticulum ATPase (SERCA) and
the plasma membrane Ca** ATPase (PMCA). Leak Ca®" current (Ji.) describes the total leak-
age from the extracellular space and the endoplasmic reticulum (ER) to the cytoplasm. J;; .2+ is
the Ca** flux through gap junctions.

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

do,
% = ka - (ka + k) Ogces @

where ke is the forward rate constant and ky, is the backward rate constant. Ca** flux via SSCCs
(Jsscc) is expressed as

Jssce = KssccOssoes (8)

where kegcc is the maximum Ca*" flux rate via SSCCs. Parameter 6 is dimensionless, and de-
scribes the quantity of stretch induced at the time of mechanical stimulation, which then de-
creases with time

do
i —k,0, 9)
according to a stretch-relaxation parameter k.

II Purinergic receptor P,Y,. The agonist-induced activation of the second messenger sys-
tem, here P,Y,, is represented by Eqs 10-16[21].The kinetic diagram for the P,Y, receptor is
presented in Fig 3. Some of the ligand-bound P,Y, receptors on the cell surface are phosphory-
lated irreversibly at rate k;,, which causes desensitization of the receptors. Phosphorylated re-
ceptors are internalized at a rate k., and these internalized receptors are then dephosphorylated
and recycled back to the surface at rate k,. G-proteins can only be activated by the unpho-
sphorylated P,Y, receptors [R%] defined by

dR’] _

k,[L]
= kIR - <kr +

K +[1]

) IR — K [RY, (10)

where [Rr] denotes the total number of surface receptors, K; is the dissociation constant for
unphosphorylated receptors, and [L] is the extracellular ligand concentration. The total
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Fig 3. Kinetic diagram. Kinetics of the model component | (SSCC) were combined with the kinetics of model components II-IV from the original models of

the P,Y, receptor[21], IP3R5[22], and RyR[23].

doi:10.1371/journal.pone.0128434.9003

number of phosphorylated surface receptors [R)] is

AR kR KR
7:[”<K1+[LJ‘KZ+[L1>’ (1)

where K, is the dissociation constant for phosphorylated receptors. The binding of the ligand
to the G-protein coupled receptor P,Y, results in a cascade of events leading to the activation
of enzyme phospholipase C (PLC). This enzyme then hydrolyses the phosphatidylinositol
4,5-bisphosphate (PIP,) to IP;. The activation rate (k,) of the G-protein is proportional to two
ratios: the ratio of the activities of the ligand unbound and bound receptor species (8), and the
ratio of the number of ligand bound receptors and the total number of receptors (p,). Denoting
the deactivation of G-protein to occur at a deactivation rate of ky, the equations for the amount
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of Go. - GTP labeled as [G] as well as for the ratio p, can be expressed as
dG
4G _ k64 (1G] - [6]) - k(G (12)
and
[L][RY]
p.== (13)
C[R'r](Kl + [L])
Equation for the concentration of IP; is
d[IP, o
[dtd] =nN, v 1[PIP2] - kdeg[IPS] +]G/JP37 (14)

where kg is the degradation rate of IP; and J; ;. is the IP; flux through gap junctions. The
rate coefficient for PIP, hydrolysis (ry,) includes the effective signal gain parameter (o) and the
dissociation constant for Ca** binding to PLC (Kj) that can be expressed as

r, =0 <ﬁ> [G]. (15)

K; + [Ca*'],
Replenishment of PIP, is required for IP; production to be maintained over sustained peri-
ods of agonist stimulation. The equation for the number of PIP, molecules [PIP,] is

d[PIP,]
at

—(r, + r,)[PIP,] — r,N,v[IP,] + r,[(PIP,),], (16)

where r, represents the PIP, replenishment rate and [(PIP,)r] the total number of PIP, mole-
cules.[21]

III IP; receptor type 3 (IP;R3). The IP; receptor type 3 (IP3R;) function is represented by
the Eqs 17-21[22]. The kinetic diagram for IP;R; is shown in Fig 3. The IP;-induced release of
Ca®" from the ER through IP5R; (J,,, ) is

]IP;XR;; = kuy{j O.l-, (17)
where ki, is the maximum rate of Ca®" release, and IP;R; comprises four subunits that all

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

1P,
= # (18)
=2 ¢+ [IP]
Where ¢ function controls the sensitivity of IP;R; to [IP;], and it can be expressed as
1
b= P (19)

3 k)
142 (1+8)

with rate coefficients k_;, ky, k3, and ks being constants. Coefficient k; describes a rate for IP;R;
transition from shut state (S) to open state (O)

z] [Ca2+]lfi

k,=—t——
OB+ [Ca])p”

(20)

where constant o, is the maximum rate of S to O transition, and p; is the [Ca**]; at which the
rate is half of its maximum. Coefficient k, expresses the rate for IP;R; from the first inactivated
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state (I;) to the second inactivated state (I,). It can be expressed as
¢, |IP.
k= @
By + [IP,]

where the I to I, transition is agonist specific and involves a phosphorylation of IP;R; by ki-
nase activity. This is defined by parameter o, that denotes the maximum rate of I, to I, transi-
tion, while B, denotes the value of [IP5] at which the rate is half maximal.[22]

IV Ryanodine receptor (RyR). The ryanodine receptor (RyR) dynamics were modeled by
Keizer & Levine 1996[23] with Eqs 22-24. In Fig 3 the kinetic diagram for RyR is illustrated.
The Ca?" release from the ER through RyR (Jryr) is defined by the maximum RyR flux rate
(kgyr) multiplied by the open probability (Pgyr) as

]RyR = kRyRP RyR (22)

where

K;
S W ATV N (23)
K, [Ca?t);
”(l(fa“h) *< T )

and where w™ is the RyR sensitivity function

1+ (Ja )4 + (\CHZ'J,>3
W — [Ca**); Ky , (24)

T N\
1+4+ <[Cf§“],> + ([“Kb L)

and K, K;,, and K_ are dissociation constants. [23]

V Sarco/endoplasmic reticulum Ca>* ATPase (SERCA) and plasma membrane Ca**
ATPase (PMCA). Jpump combines the pumping functions of sarco/endoplasmic reticulum
Ca®" ATPase (SERCA) and plasma membrane Ca®" ATPase (PMCA)

Pryr=

Vounp[Ca**]?
Tounp = 3 (25)
KPump +[Ca +]i“
where Vpyp, indicates the maximum flux rate of the pumps and Kpym,, states the [Ca®*]; for
half-maximal pumping rate.
VI Gap junctions (GJs). Gap junctions (GJs) and the Ca®* flux via GJs gy, ca+) are mod-
eled as

D, a2t 9 5 D, a2t 5 9
L;].uﬂ‘r = Aci([ca#],nq - [Caz+],n) - 67([01#]," - [Ctl“Jr]’Hl), (26)

n—1,n nn+1
where n is the number of the NB layer. The NB layer n receives Ca>* from the previous NB
layer 1 — 1 and delivers Ca* to the next NB layer 7 + 1 according to the concentration gradi-
ent. Similarly, IP; flux through GJs (Jg; ) is modelled as

D, D
]GHPJ = %([IP3]n 1 [IP:z]n) - A H ([IPB]n - [Ips]nu)v (27)

n—1l,n

where n is the number of the NB layer. D,. is the diffusion coefficient for Ca®" and Dy, is the
diffusion coefficient for IP;. These diffusion coefficients do not take into account the open
probability, regulation, or density of the GJs as they describe the actual movement of Ca®* and

PLOS ONE | DOI:10.1371/journal.pone.0128434 June 12,2015 14/26



@'PLOS ’ ONE

RPE Calcium Model

IP; from one NB layer to the next NB layer. As an exception to other NB layers, the fluxes from
MS cell to NB, layer are modelled by parameters I, and In, for Ca®" and IPs, respectively.
Similarly, the fluxes from NBj, layer to distant cell layers are modelled with parameters Out, .
and Out,, .

Parameter A describes the area of the cell membranes connecting the neighbouring NB lay-
ers in the monolayer. The value for A is received by multiplying the area of one hexagon side,
that is the length of the hexagon side (1= 7um) times the height of the cell (h = 12um), by the
number of hexagon edges between the two NB layers as

A, = ((342(n—1))6)Ih, (28)

n—n+1

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

Results
Polarization of the ARPE-19 monolayer

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

Ca?* signal propagation mechanisms

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

The model includes the model components of SSCCs, P,Y, receptors, IP;R;s, RyRs, Ca?*
pumps and GJs, and the parameters were either obtained from previous studies or defined in
this study for ARPE-19. The basic fit was done in GA-treated data set for NB5, but the SSCC
model component was fitted in NB1 (Table 2). Three location-specific parameters were defined
in this study: stretch (), extracellular ligand concentration (L) and phosphorylation rate of
IP;R; (04) (Table 3). The stretch (6) and extracellular ligand concentration (L) decayed expo-
nentially from NB1 towards the distant NB cell layers. The IP;R; phosphorylation rate regulat-
ed by the kinase activity (0,4) increased following a shallow exponential, almost linear function,
from NB1 to NB10. The corresponding values of a4 with the distance were lower in the control
data set (Eq 5) than in the GA-treated data set (Eq 4) indicating a possible role of IP; receptor
phosphorylation rate as a regulator of Ca** signaling. The GJ model component was parame-
terized in control data set for NB1. GJs mediated the Ca** signal by allowing the diffusion of
Ca®" and IP; between adjacent cell layers so that the fluxes of these species decreased with

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



@’PLOS ‘ ONE

RPE Calcium Model

>
.
O
>
(o
22
)
m

BASAL SIDE

APICAL SIDE

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

doi:10.1371/journal.pone.0128434.9004

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

The resulting model of mechanical stimulus induced Ca** dynamics is: 1) Cells near the
stimulus site conduct Ca®* through plasma membrane SSCCs, and gap junctions conduct the
Ca’" and IP; between cells further away from stimulated cell. 2) The MS cell secretes one or
several types of ligand to the extracellular space where the ligand diffusion mediates the Ca**
signal so that the ligand concentration decreases with distance. 3) The phosphorylation of the
IP; receptor defines the cell’s sensitivity to the extracellular ligand attenuating the Ca** signal
in the distance.

Results of the sensitivity analysis

The sensitivity of the four Ca®" wave features described in Materials and Methods was studied
for a set of parameters that were fitted in this study for NB1, NB5 and NB10 layers (Fig 6).
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Fig 5. Fittings of the model to the experimental data. (A) GA-treated, and (B) control data sets with
dashed lines representing the data in dimensionless NF units and solid lines representing the model
simulations with arbitrary units representing [Ca2*];in uM concentrations. The uppermost curve pair (blue)
represents NB1, the second uppermost NB2 (green), followed by NB3 (red), NB4 (light blue), NB5 (purple),
NB6 (yellow), NB7 (black), NB8 (light red), NB9 (grey), and NB10 (orange).

doi:10.1371/journal.pone.0128434.9005

From the location-dependent parameters, 8, L and o, Ca>* wave features were most sensitive
to modifications in o4 and the least sensitive to modifications in 6. Overall, decreasing the
stretch parameter (8) resulted in faster Ca®* waves in NB1 (Fig 6B). Increasing the extracellular
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Table 4. R? values indicating the goodness of fit between the model and the data.
Data set NB1 NB2 NB3 NB4 NB5 NB6 NB7 NB8 NB9 NB10
GA-treated 0.9839 0.9815 0.9811 0.9651 0.9716 0.9627 0.9677 0.9326 0.8837 0.4561
Control 0.9665 0.9613 0.9454 0.9653 0.9686 0.9558 0.9508 0.9419 0.9108 0.6259
GA-suramin-treated 0.8633 0.8543 0.9344 0.9323 0.9414 0.9156 0.9253 0.7812 0.6110 0.2297

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

doi:10.1371/journal.pone.0128434.t004
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maximum, and (D) end Ca?* concentration at 90 seconds’ time point due to changes in model parameters k,,,ana, Kryrs Veump: Kpumps Jieak: 6, L, a4, ln,,,g,
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amount of modification (-25%, -10%, +10% or +25%) is shown in the grayscale of the histogram. The histogram bar is marked with asterisk (*) if the change
was greater than 50%, and with double asterisk (**) if parameter modification did not result typical Ca?* waveform. Regarding each Ca2* wave feature, the

parameter is illustrated only if the change was more than 5%.

doi:10.1371/journal.pone.0128434.9006
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ligand concentration (L) in turn decreased the time to peak (Fig 6B) and increased the Ca**
wave width at half maximum (Fig 6C). The effects of the changes in IP; receptor phosphoryla-
tion rate (o) on Ca®* wave features were complex: with decreasing o, Ca®* wave peak ampli-
tude increased (Fig 6A), time to peak decreased (Fig 6B), the Ca** wave width at half
maximum increased or decreased depending on the NB layer (Fig 6C), and the end concentra-
tion increased (Fig 6D). The Ca* wave features were insensitive to gap junction related param-
eters Ing,., Dpp and D,.. so that the tested modifications in their values resulted in less than
5% change in the features from the original conditions. Thus, they are not illustrated in Fig 6.
However, increasing IP; input to NB1 via GJs (I"uz;) increased the Ca®" wave width at half
maximum (Fig 6C) and end concentration (Fig 6D), and the sensitivity was significantly higher
in NB1 layer than in the more distant NB layers. In general, the sensitivity of the model to the
changes in tested parameters depended on the NB layer and thus on the distance to the MS
cell. Few parameters, however, were independent of the location (parameters k“,:X Ry kRyR,
Vpumps Kpumps JLeak)> but changes in their values affected significantly the investigated Ca**
wave features.

Possible suramin effect on attenuation of Ca%* waves

Similarly to the general sensitivity analysis, the four Ca®* wave features were compared be-
tween the experimental GA-treated and GA-suramin-treated data sets as well in NB1, NB5 and
NBI10 layers (Fig 7A). In the GA-suramin-treated data set, differences in peak amplitude were
less than 10% compared to the GA-treated data set. However, time to peak decreased for NB1
and increased for NB5 and NB10 layers in the GA-suramin-treated data set. Furthermore, in
this data set the Ca®* wave width at half maximum and the end Ca** concentration were lower
than in the GA-treated data set.

Since suramin is a known P, receptor blocker, we studied the sensitivity of the model to
P,Y, receptor parameters for the GA-treated data set (including model components I-V) by
changing their values by +25%. Similarly, G-protein cascade parameters were studied as well to
consider the possible effect of suramin to disrupt the coupling between the receptor in the cell
membrane and the G-protein. Our aim was to investigate the degree to which the observed dif-
ferences in the Ca®* wave features between GA-treated and GA-suramin-treated data sets
could be accounted for by the changes in these parameters. The sensitivity analysis revealed
that the modifications in P,Y, unphosphorylated receptor dissociation constant (K;) and P,Y,
receptor phosphorylation rate (k) indeed induced changes that were similar to the experimen-
tal observations (see Fig 7A): increase in K; modified the time to peak (Fig 7B) and increase in
k;, narrowed the Ca** wave width at half maximum (Fig 7C). This would indicate disrupted li-
gand binding to the receptor or a higher phosphorylation rate of P,Y, receptors as well as a
faster desensitization of the receptors after ligand binding. P,Y, receptor parameters K, k;, ke,
€, on the contrary, had a negligible influence on Ca®* wave behaviour: the modifications of
these parameters by +25% resulted only in less than 3% change on Ca>* wave features, as was
the case also for G-protein cascade parameter 8. G-protein cascade parameters G-protein acti-
vation rate (k,) (Fig 7D) and G-protein deactivation rate (kq) (Fig 7E) had diverse effects on
the Ca®" wave features: for example decreasing k, and increasing ky narrowed the Ca®" wave
width at half maximum in NB1 and NB5, but widened it in NB10. Thus, their behaviour did
not follow the observations from the experimental data and therefore these factors were not
considered to be responsible for the effects of suramin on the Ca>* wave.

Fig 7F illustrates the fit of the model to the GA-suramin-treated data set after refitting the
model parameters K; and ky,. The values of these parameters ranged as follows: K; values de-
creased from 8.83uM in NB1 to 5.15uM in NB10 and k;, values decreased from 0.19s™ in NB1
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at 90 seconds’ time point in cell layers NB1, NB5 and NB10 between the experimental GA-treated and GA-suramin-treated data sets. The deviations of each
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doi:10.1371/journal.pone.0128434.9007
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t0 0.05s”" in NB10. Overall, the values of K, and k;, were higher in the GA-suramin-treated
data set than in the GA-treated data set. The simulated curves seem to fit well to the experi-
mental data, except in NB1 layer at the end of the Ca** wave. In GA-suramin-treated data set,
R? values were higher than 0.8 in NB1-NB7 and lower than 0.8 in NB8-NB10 (Table 4). 70% of
the fits in GA-suramin-treated data set resulted in R* > 0.8 indicating that the model explains
only partially the combined effect of GA and suramin on Ca* waves especially in the distant
NB layers.

Discussion

The ARPE-19 cell line is an important biological model of human RPE despite its certain limi-
tations [20]. This paper presents the first computational RPE model of Ca* signaling using the
experimental data measured from the ARPE-19 monolayer after mechanical stimulation. We
aimed to create a model that combines the most important Ca®* signaling mechanisms in
ARPE-19 cells so that the model can be used later in the development of more complicated
RPE and epithelial models. Furthermore, the model was used to simulate and explain the Ca**
signaling of epithelia, especially RPE, taking into account the following factors: 1) cells are on
the monolayer; 2) they are connected to each other by GJs permeating Ca** and IP3, and 3) the
cells are most probably experiencing different stretching and chemical conditions depending
on their distance from the mechanical stimulation site. To the best of our knowledge, this is the
first time as Ca** signaling model has been implemented for the ARPE-19 monolayer. The
model uses a set of location specific parameters including stretch, extracellular ligand concen-
tration, and IP;R5 phosphorylation rate as well as the Ca>* and IP5 fluxes through GJs.

The identity of the extracellular ligand

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

The role of IP5 receptor phosphorylation rate

The phosphorylation of the IP; receptor represents an important regulatory mechanism for
Ca”" release[40-42]. It has been shown that the production of cyclic AMP (cAMP) through the
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activation of the adenylyl cyclase pathway leads to the activation of protein kinase A that phos-
phorylates IP; receptors[43].

Our simulation results show that the maximal phosphorylation rate of IPsR; (o) followed a
shallow exponential, almost linear, increase from NB1 to NB10 in all three data sets. The pa-
rameter o4 has previously been modeled as agonist specific only [22]. It is of note, however,
that in addition to ATP or UTP and their interaction with P,Y, receptors, also other types of li-
gand-receptor interactions may occur. One plausible explanation could be that MS cell secretes
different types of ligands, because its cell membrane was broken in mechanical stimulation.
This would further lead to complex biological interactions at the cellular level, which is seen as
a chance of this parameter with cell location.

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

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

Gap junctions in Ca®* wave propagation

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

Possible Ca®* wave attenuation mechanisms of suramin

In the GA-suramin-treated data set, the experimental data was reproduced in our model by in-
creasing the unposphorylated receptor dissociation constant, which likely reflects disrupted li-
gand binding, and by increasing the phosphorylation rate of the P,Y, receptors to enhance
their desensitization. This may indicate that suramin targets on P,Y, receptors as an unspecific
P, receptor antagonist attenuating the Ca®* wave. This intriguing model hypothesis driven
from the model results needs to be confirmed experimentally. It is worth noting, however, that
suramin has also been considered to disrupt the coupling between the receptor in the cell mem-
brane and the G-protein by blocking the association of the G-protein o: and By subunits[33]. In
our model, modifications in G-protein cascade parameters influenced the peak amplitude, time
to peak and Ca>* wave width at half maximum. Despite the observed diversity in their effects
between the NB layers, it is possible that suramin targets the G-protein cascade as well, by act-
ing as an attenuator of the Ca** wave.
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Limitations of the model

Our work presents a computational model of epithelial Ca** signaling based on experimental
work on the ARPE-19 cell line. This cell line is used extensively as a model of RPE, although it
differs from it to some extent. The limitations of ARPE-19 compared to native human RPE
arise, for example, from cell organization and metabolism[20]. Importantly for our study,
ARPE-19 cell line in our experimental setup lacked pigmentation which resulted in a lack of
the large Ca®* stores, melanosomes, and needs to be taken into account when expanding our
model to describe native RPE. In addition, we confirmed the polarity of the ARPE-19 monolay-
er with confocal microscopy. Trans-epithelial resistance (TER) that is a general measure of
epithelial integrity was not measured due to technical challenges to perform the measurements
on glass cover slips with our present equipment [49]. Nevertheless, the computational

model created in this study describes the most important components of epithelial and ARPE-
19 Ca** activity. Thus it provides a good basis to address the native RPE in the future, even
though it, being based on an in vitro model of RPE, needs to be considered only as a model. To
improve the model further, experimental data and model implementations on certain addition-
al Ca®* related mechanisms, such as P,X receptors[50], voltage-sensitive Ca** channels[51]
and Na*/Ca®" exchangers[52] would be well warranted. Finally, it is worth noting that the ex-
perimental work of Abu Khamidakh et al. 2013[5] did not produce absolute Ca** concentra-
tions, and therefore our model also features only relative Ca** activity.

Conclusions

A full mathematical understanding of RPE and epithelial Ca®* signaling would allow one to
simulate cellular Ca** responses under several physiological, pathological, and experimental
conditions. Our present model represents significant progress towards this goal since it is able
to reproduce the experimental data from an RPE type epithelium, ARPE-19 cell line, in differ-
ent conditions, simulate several epithelial Ca®* signaling mechanisms, and predict drug re-
sponses in the epithelia. Our future work will include further development of the model
especially focusing on the role of the voltage sensitive Ca** channels in the RPE.
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