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Abstract

Human corneal epithelial cells (HCEC), which are found on the outermost layer of the
human cornea, play a vital role in maintaining vision. Research over the years has
shown that various transient receptor potential channels (TRPs) are expressed on the
surface of many ocular cells including the HCEC. With their intracellular and
extracellular domains, TRPs are capable of converting external stimuli into signal
transduction pathways within the cell. These channels play a significant role in Ca®'
regulation and mediate numerous intracellular processes by controlling the flow of Ca?*
ions across the cell membrane. Interestingly, studies have shown that growth factors
can influence Ca* regulation via interaction with certain TRPs. As epidermal growth
factor (EGF) in particular has been shown to promote healing of damaged corneal
epithelial tissue, a closer study of the effect of EGF on HCEC would be useful. This
study aims to investigate the influence EGF on Ca*" regulation in cultured HCEC and
the involvement of TRPs in this process. Fluorescence Ca* imaging of SV-40
transfected HCEC yielded the following results: Application of 50 ng/ml EGF caused a
significant increase in intracellular Ca®* concentration. This increase was significantly
suppressed in the presence of the TRP canonical (TRPC) channel antagonist SKF
96365 (10-20 uM). When a Ca?*'-free measuring solution was used, no increase in
intracellular Ca®* concentration was observed upon application of 50 ng/ml EGF. Patch-
clamp measurement of whole-cell currents revealed an increase in inward and outward
currents through the cell membrane upon application of 50 ng/ml EGF. This EGF-
induced increase in currents was suppressed in the presence of 20 uM SKF 96365.
Taken together, this study demonstrates the involvement of TRPC channels in EGF-
induced Ca* increase in HCEC. The results also suggest that this effect is due to
EGFR-associated activation of TRPC channels on the cell membrane rather than the

depletion of intracellular Ca* stores.



Zusammenfassung

Humane Hornhautepithelzellen (HCEC), die sich auf der aulersten Schicht der
menschlichen Hornhaut befinden, spielen eine wichtige Rolle bei der Aufrechterhaltung
des normalen Sehvermdgens. Die Forschung im Laufe der Jahre zeigte, dass
unterschiedliche  Transient-Receptor-Potential-Kanale (TRPs) in  Zellen der
Augenoberflache einschlieldlich der HCEC exprimiert sind. Mit ihrer intra- und
extrazelluldaren Domane konnen TRPs externe Stimuli in Signaltransduktionswege
innerhalb der Zelle umwandeln. Diese Kanéle spielen eine wichtige Rolle bei Ca*-
Regulation und vermitteln zahlreiche intrazellulare Prozesse, indem sie den Fluss von
Ca?-lonen durch die Zellmembran steuern. Interessanterweise zeigten Studien, dass
Wachstumsfaktoren die Ca*-Regulation durch Wechselwirkung mit bestimmten TRPs
beeinflussen kdnnen. Da insbesondere der epidermale Wachstumsfaktor (EGF) gezeigt
hat, dass er die Heilung von geschadigtem Hornhautepithelgewebe férdert, ware eine
nahere Untersuchung der Wirkung von EGF auf HCEC natzlich. Ziel dieser Studie ist
es, den Einfluss von EGF auf die Ca?*-Regulation in kultivieten HCEC und die
Beteiligung von TRPs an diesem Prozess zu untersuchen. Die Fluoreszenz-Ca*-
Image-Messungen von SV-40-transfizierten HCEC ergaben folgende Ergebnisse: Die
extrazellulare Applikation von 50 ng/ml EGF fuhrte zu einem signifikanten Anstieg der
intrazellularen Ca?'-Konzentration. Dieser Anstieg wurde in Gegenwart des
kanonischen TRP (TRPC)-Kanalantagonisten SKF 96365 (10-20 pM) deutlich
unterdriickt. Bei Verwendung einer Ca?-freien Messlésung loste 50 ng/ml EGF keinen
Anstieg der intrazellularen Ca?*-Konzentration aus. Patch-Clamp Messungen von
Ganzzellstromen ergaben einen Anstieg der Ein- und Ausstrome durch die
Zellmembran nach Zugabe von 50 ng/ml EGF. Dieser EGF-induzierte Anstieg der
Strome wurde in Gegenwart von 20 yM SKF 96365 unterdrtickt. Insgesamt deutet diese
Studie eine Beteiligung von TRPC Kanale am EGF-induzierten Ca?*-Anstieg in HCEC
an. Die Ergebnisse weisen auch darauf hin, dass dieser Effekt eher auf ein EGFR-
assoziierte Aktivierung von TRPC Kanale auf der Zellmembran zurtckzufuhren ist, als

auf die Entleerung von intrazelluldren Ca®*-Speichern.



1 Introduction
1.1 The corneal epithelium

The cornea serves as a transparent structural barrier on the outer surface of the eye,
which protects it from infections as well as refracts light entering the eye. The human
cornea can be subdivided into 5 layers; the endothelium, Descemet membrane, stroma,

Bowman membrane and epithelium (1) (see Fig. 1).

The corneal epithelium is a non-keratinised, stratified squamous epithelium. The
glycocalyx of these cells interact with the mucin layer of tears, enabling the tear film to
spread evenly across the eye during blinking (2). Damage to this layer can cause pain,
inflammation or loss of vision (3). The corneal epithelium also regulates the movement
of electrolytes and water from the stroma to the tear film. This function, together with
transendothelial fluid transport, prevents excessive fluid build-up in the stroma,

maintaining corneal transparency (4-6).

Corneal epithelial cell dysfunction is a common pathophysiological component of a
number of corneal diseases. In dry eye syndrome (DES), inflammatory responses on
the ocular surface can lead to apoptosis of corneal epithelial cells and thinning of the
epithelial layer (7-9). Similarly, pro-inflammatory cytokines released by corneal epithelial
cells in response to herpetic infections can cause scarring and damage the cornea,
resulting in loss of vision (10). Corneal epithelial cells are also implicated in various
genetic disorders. In mice with X-linked hypohidrotic ectodermal dysplasia (XLHED),
expression of tight junction proteins zonula occludens-1 (ZO-1) and claudin-1 was found
to be reduced in corneal epithelial cells, causing a loss of epithelial integrity and
dysfunction of the epithelial barrier (11). The effects of a dysfunctional corneal epithelial
layer are particularly evident in patients with limbal stem cell deficiency (LSCD). Limbal
stem cells (LSC) are stem cells found in the limbus, the border between the cornea and
the conjunctiva. These cells are responsible for the regeneration of the corneal
epithelium. In LSCD, the lack of functional LSC prevents the epithelium from healing
effectively. As a result, persistent epithelial defects may occur, as well as

neovascularisation, inflammation and scarring of the cornea. It can also result in corneal
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conjunctivalisation, a process in which corneal epithelial cells are gradually replaced
with conjunctival epithelial cells, reducing corneal transparency and impairing vision (12-
14).

As the outermost layer of the cornea, the corneal epithelium is exposed to the
environment and is particularly vulnerable to injuries. Defects to this layer are relatively
common. In fact, corneal epithelial defects and abrasions are among the most
frequently encountered ocular pathologies (15). Furthermore, treatment of many ocular
pathologies involve application of drugs directly to the surface of the eye, and the
corneal epithelium is the first layer that comes into contact with these substances. One
such drug is cyclosporine A, which is applied topically to reduce inflammation in a host
of ocular diseases including atopic and vernal keratoconjunctivitis, ulcerative keratitis,
ligneous conjunctivitis, DES and Mooren’s ulcer (16, 17). Ocular surface squamous
neoplasia (OSSN) is a group of corneal, conjunctival and limbal epithelial malignancies,
which can also be treated topically. Chemotherapeutic agents such as mitomycin C
(MMC) and 5-fluorouracil (5-FU), as well as immunotherapeutic agents like interferon
alpha 2b (IFN-a2b) are often applied directly to the ocular surface as part of primary
treatment for OSSN (18, 19).

In summary, the corneal epithelium is an essential component of the eye due to its role
in maintaining ocular function, its involvement in the pathophysiology of many ocular
diseases and its anatomical significance as an external layer. Studying the
characteristics of this layer at the cellular level would greatly enhance our understanding
corneal pathologies and enable the development of effective treatment strategies in the

future.
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Fig. 1: The 5 layers of the human cornea. (lllustration by Chen et al., 2018 (20), reused with the
kind permission of © IOP Publishing Ltd.)

1.2 Intracellular Ca* regulation

Ca?" is one of the most important signal particles within the cell and many intracellular
physiological processes are Ca®-dependent. Among other functions, Ca* is
significantly involved in gene expression, signal transduction and metabolic pathways
(21). Its importance is also evident in cell culture. In a study of immortalised human
corneal epithelial cells (HCEC) in vitro, varying the levels of glucose and Ca?* in the
culture medium affected the rate of cell proliferation and differentiation, expression of

focal adhesions, as well as the metabolism of the cells (22).

Various cellular protein structures facilitate the movement of Ca?* in the cell. One way
Ca?* enters the cytosol is through Ca?* channels located on the cell membrane. Physical
or chemical stimuli can increase the open probability of these channels, allowing more
Ca? to diffuse along a concentration gradient from the extracellular into the intracellular
space (23) (see Fig. 2). Transient receptor potential channels (TRPs), for example, are
a diverse group of ion channels which play an important role in Ca?* regulation. These

channels will be discussed further in Chapter 1.3.

Ca®* may also enter the cytosol from intracellular Ca*" stores in the endoplasmic
reticulum (ER) of the cell. When exposed to their respective ligands like hormones,

growth factors or neurotransmitters, receptors on the cell membrane such as G protein-
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coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs) are activated. The
GPCRs then activate phospholipase C beta (PLCB), while the RTKs activate
phospholipase C gamma (PLCy). These phospholipases generate second messengers
such as inositol 1,4,5-trisphosphate (IP3), which binds to and activates the IP; receptor
(IPsR). This receptor is a membrane glycoprotein complex, which behaves as an
intracellular Ca*-release channel on the membrane of the ER. The activated channel

then opens, allowing Ca?* to flow from the stores into the cytosol (24) (see Fig. 2).

The ryanodine receptor (RyR) is another type of intracellular Ca?*-release channel
localised on the membrane of the ER, which is involved in Ca? regulation. When
cytosolic Ca** increases, RyRs detect the change and open to allow an efflux of Ca**
from the stores in a positive feedback mechanism called Ca?-induced Ca?* release. A
further increase in Ca? may cause the RyRs to close, halting the efflux of Ca** from the
stores. RyRs are also responsible for store overload-induced Ca?* release, a
mechanism where RyRs detect the filling state of Ca®* stores and open in response to
high store Ca?" levels, allowing the excess Ca? to flow into the cytosol (25, 26) (see Fig.
2).

When excess Ca?" is no longer needed in the cytosol, is sequestered back into the
stores via sarco/endoplasmic reticulum Ca?-ATPases (SERCA) on the ER and
removed from the cell via plasma membrane Ca?-ATPases (PMCA) and Na*/Ca®

exchangers on the cell membrane (24) (see Fig. 2).

The concentration and distribution of Ca®*, as well as the speed and duration of Ca®'
flux allow different signaling pathways to be uniquely controlled in the cell (24). To
maintain optimal function and carry out their physiological processes, cells require an
intricate system of Ca?* regulation. Ca* channels are crucial components of this
regulation; their activity directly affects the flux of Ca%*, which in turn modulates

numerous intracellular Ca?*-dependent mechanisms.
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Fig. 2: An overview of intracellular Ca®* regulation. The activation of GPCRs and RTKs on the
cell membrane activates PLCB and PLCy respectively, resulting in the generation of IPs. IP;
binds to its receptor IP;R on the membrane of the ER, releasing Ca?* from the ER into the
cytosol. Ca*" can also enter the cytosol via Ca®" channels on the cell membrane and RyRs on
the ER. Excess Ca* is removed from the cytosol via Ca?-ATPases on the cell membrane and
ER, and via Na*/Ca* exchangers on the cell membrane. (lllustration by J. Lopez, created with
BioRender)

1.3 Transient receptor potential channels (TRPs)

As mentioned in Chapter 1.2, Ca* can enter the cell from the extracellular space

through TRPs located on the cell membrane. The TRP superfamily comprises cation
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channels which vary in their degree of selectivity and mode of activation (27). TRPs are
organised into homomers or heteromers consisting of 4 subunits with 6 transmembrane
segments each (28). They can be divided into 7 subfamilies based on their sequence
homology and functional characteristics, namely TRP canonical (TRPC), TRP vanilloid
(TRPV), TRP ankyrin (TRPA), TRP melastatin (TRPM), no mechanopotential TRP
(TRPN), TRP polycystic (TRPP) and TRP mucolipin (TRPML) channels (27) (see Fig.
3).

TRPs can be activated by a range of stimuli, which cause them to become more
permeable to cations. TRPV1 (vanilloid receptor 1, capsaicin receptor), for example,
can be stimulated by capsaicin (CAP), the chemical compound in chilli peppers
responsible for its ‘spicy’ taste (29). They can also be stimulated by heat above 43°C,
hypertonicity and acidic conditions (30, 31). These channels are classically found in
nociceptors, which enable the sensory detection of noxious stimuli. Upon activation,
TRPV1 allows an influx of cations into the cell which leads to a depolarisation of the cell
membrane. When a threshold voltage is achieved, an action potential is generated and
subsequently propagated along the neuron to the central nervous system where the

signal is interpreted as pain (32).

Apart from their presence in neurons, TRPs are also expressed in non-excitable cells
such as HCEC (28). The TRPs which have been identified in HCEC thus far are
TRPC1, TRPC3, TRPC4, TRPV1, TRPV3, TRPV4 and TRPM8 (23, 33-37). These
TRPs are crucial in the intracellular regulation of cations and play unique roles in the
function of the cornea. The activation of TRPV1 for instance, is thought to be associated
with inflammatory responses (34). TRPV1-4 are involved in heat detection (23), while
TRPM8 activity exhibits an inhibitory effect on TRPV1 (37) in these cells. TRPC4
activity, on the other hand, has been shown to affect capacitative Ca?* entry (CCE) in
HCEC (33).

TRPs have also been identified in other parts of the eye, such as TRPM8, TRPV1,
TRPV2 and TRPV4 in the conjunctiva (38, 39), TRPV1-3 and TRPMS8 in the corneal
endothelium (40, 41) as well as TRPV1 and TRPMS8 in corneal keratocytes (42). Given

the ubiquity of TRP channel expression in ocular cells and its significance in Ca?

15



regulation, it would be useful to study the activation mechanisms of these channels and
the downstream pathways triggered by them. This would enable a better understanding
of many intracellular processes which are regulated by TRPs and could facilitate the

development of targeted treatments for ocular pathologies.
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Fig. 3: The 7 TRP subfamilies and their structures. Each TRP channel subunit contains 6

transmembrane segments (S1-S6). TRPV, TRPC, TRPN and TRPA channels contain a

variable number of ankyrin domains at the N-terminal regions. The TRP domain and protein
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kinase domain can be found at the C-terminal regions of some TRPs. (lllustration by Ferreira et

al., 2015 (43), reused with the kind permission of © Springer International Publishing)
1.4 Epidermal growth factor (EGF)

Epidermal growth factor (EGF) is a protein consisting of 53 amino acid residues (44)
and is found in many different tissues in humans as well as other species. Binding of
this protein to the EGF receptor (EGFR) induces a conformational change and
subsequent dimerisation of the receptor. In its commonly known function, the EGFR
then activates the intracellular tyrosine kinase domain of the receptor, which in turn
triggers signal transduction cascades such as the JAK/STAT, PI3K/Akt and
RAS/RAF/MEK pathways, ultimately promoting cellular differentiation and proliferation
(45, 46) (see Fig. 4).

Accordingly, application of EGF has been shown to promote wound healing in the
corneal epithelium. In a randomised controlled trial, patients with traumatic corneal
epithelial defects recovered faster when they were treated with EGF compared to those
who received a placebo (47). At the cellular level, application of EGF is known to
stimulate proliferation and inhibit apoptosis of cultured HCEC (48). This can be
attributed to the presence of EGFR, which is highly expressed in HCEC. In immortalised
HCEC, the density of EGFR is reported to be approximately 1,300,000 receptors/cell.
This is significantly higher than the expression of EGFR reported in any other
physiological human cell type (49). For comparison, EGFR density in other tissue
expressed as receptors/cell is approximately 200,000 in oral mucosa (50), 40,000 in
corneal endothelium (51) and 24,000 in gastric smooth muscle (52).
Immunofluorescence studies have shown that EGFR in HCEC is primarily found on the
cell membranes in healthy corneal epithelium but tend to migrate towards intracellular
regions when the epithelium is wounded (53). These characteristics suggest the
importance of EGF signaling in HCEC and its significance in wound healing in the
corneal epithelium. EGF would therefore be an ideal growth factor to test on HCEC due
to the abundant availability of its receptor and its potential use in the treatment of

corneal epithelial defects.
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In previous studies, growth factors have also been shown to have specific effects on
Ca? regulation in ocular tissue. For example, vascular endothelial growth factor (VEGF)
was found to stimulate Ca?* influx via TRPV1 in human corneal keratocytes (HCK) (42),
while in rabbit corneal epithelial cells (RCEC), EGF caused intracellular Ca?®* store
depletion and CCE via store-operated channels (SOCs) (54). Interactions between
EGFR and members of the TRPC subfamily have also been demonstrated in various
cell types before. One study was able to measure EGF-induced currents in HCEC,
which were suppressed when TRPC4 was knocked down (33). This shows a link
between EGFR and TRPC4 activity in HCEC, though the nature of this relationship
remains poorly understood. In fibroblast-like cells, stimulation of the EGFR was found to
cause tyrosine phosphorylation in TRPC4 (55) and TRPC6 (56), while in non-small cell
lung carcinoma (NSCLC) cells, EGFR activation resulted in Ca® transients via TRPC1
(57). EGF is also able to activate murine TRPC4 and TRPCS in transfected human
embryonic kidney 293 cells (HEK-293) (58).

As evident from the research, it is not uncommon to find TRPs implicated in signaling
pathways induced by growth factors like EGF. This means that EGF can affect a host of
cellular processes not just via the conventional phosphorylation cascades, but also by
influencing Ca®* regulation in the cell. Research into the interplay between EGFR and
TRPs could enhance our understanding of the effects growth factors have on the cell
and how these effects can be modified with specific TRP channel modulators. To gain a
better idea of how growth factors affect Ca?* regulation in the corneal epithelium, this

study will investigate the relationship between EGF and TRPs in HCEC.
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Fig. 4: The EGF signaling pathway. Binding of EGF activates the EGFR on the cell membrane,
triggering the JAK/STAT, PI3K/Akt and RAS/RAF/MEK pathways within the cell. This results in

an altered expression of genes, promoting cellular differentiation and proliferation. (lllustration

by J. Lopez, created with BioRender)

1.5 Aim of study

Given that a functional corneal epithelium is necessary for maintaining normal vision,
research should be conducted into the methods which promote healing of this layer to
benefit patients with a damaged cornea. While the use of EGF has shown promising

results in this regard, its mechanism of action, particularly in connection with TRPs, is
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not fully understood. In view of the current understanding of electrophysiological
characteristics of HCEC and the techniques available to observe them, the following

objectives were defined (see Fig. 5):

« To characterise the effect of EGF on Ca?* regulation in HCEC. In particular, it will
be investigated if TRPs can be activated by external application of EGF. The
corresponding activity of TRPs will be measured using fluorescence Ca?*

imaging.

« To determine the subtype of TRPs involved in the EGF-induced effect on HCEC
using well-established TRP channel antagonists. Two of such antagonists are
BCTC, which is an antagonist of TRPM8 and TRPV1, and SKF 96365, which is
an antagonist of TRPC channels.

« To ascertain if intracellular Ca®*-release channel activity contributes to the effect
induced by EGF in HCEC. This will be done by comparing the changes in
intracellular Ca®* upon application of EGF to HCEC in Ca?*-free and Ca*-

containing measuring solutions.

« To verify the involvement of TRPs on the cell membrane by conducting whole-
cell patch-clamp recordings of HCEC in the presence of EGF. If an increase in
whole-cell currents is detected, the effect will be tested again in the presence of
the TRP channel antagonist previously shown to be effective in suppressing the
EGF effect.
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Fig. 5: A schematic representation of the aims of this study. The first objective is to determine if
there is a relationship between activation of the EGFR and TRP channel activity in HCEC. TRP
channel antagonists will then be used to ascertain the type of TRP channel involved. Once the
type of channel has been established, the possible contribution of intracellular Ca®-release
channels to the EGF effect will be investigated. One such channel is the IP3;R found on the ER,
which may contribute to an activation of SOCs on the cell membrane and lead to an intracellular
Ca* increase. Lastly, patch-clamp whole-cell currents will be measured to confirm if EGF
induces activation of TRPs on the cell membrane. (lllustration by J. Lopez, created with
BioRender)
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2 Methods
2.1 Chemicals and solutions
Ringer-like solution

A Ringer-like solution was used to form test solutions for fluorescence Ca?* imaging
experiments, as well as to provide an aqueous medium for cells observed under the

fluorescence microscope.

Two types of Ringer-like solution were used, depending on the experiment being

conducted.

In one series of experiments, the Ringer-like solution consisted of 150 mM NaCl, 1.5
mM CaCl,, 6 mM CsCI, 1 mM MgCl,, 10 mM glucose and 10 mM HEPES buffer at pH
7.4.

In experiments where Ca?*-free conditions were required, a different composition was
used, containing 150 mM NaCl, 6 mM CsCI, 1 mM MgCl,;, 1 mM EGTA and 10 mM
HEPES-acid at pH 7.4.

EGF

50 ng/ml EGF from Thermo Fisher Scientific (Karlsruhe, Germany) was tested on HCEC

in both the patch-clamp as well as fluorescence Ca* imaging experiments.
SKF 96365

10 uM and 20 uM of SKF 96365 were used in fluorescence Ca?* imaging experiments
and 20 uM was used in the patch-clamp experiments. This TRPC channel antagonist

was obtained from Sigma-Aldrich (Deisenhofen, Germany).
BCTC

10 uM of the TRPM8/TRPV1 antagonist BCTC was used in fluorescence Ca?* imaging

experiments. This was obtained from Tocris Bioscience (Bristol, UK).
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Fura-2AM

The Ca*-sensitive fluorescent dye Fura-2AM used in fluorescence Ca*" imaging
experiments was obtained from Tocris Bioscience (Bristol, UK). 2—-3 uM was used to

dye the cells.
Culture medium

Dulbecco’s Modified Eagle Medium (DMEM) and Ham’s F-12 used in the culture
medium for the cells were obtained from Thermo Fisher Scientific (Karlsruhe, Germany)

or Biochrom GmbH (Berlin, Germany).
Antibiotics

The antibiotics penicillin and streptomycin used for cell cultivation were obtained from

Thermo Fisher Scientific (Karlsruhe, Germany).
Accutase solution

Accutase solution was used to detach cells from the surface of the culture flasks. This

was obtained from Thermo Fisher Scientific (Karlsruhe, Germany).
Phosphate buffered saline (PBS)

Mg?*- and Ca?'-free PBS solution from Thermo Fisher Scientific (Karlsruhe, Germany)

was used to wash the cells.
Fetal calf serum (FCS)

Medium containing FCS was added to stop the effect of Accutase. This serum was

obtained from Thermo Fisher Scientific (Karlsruhe, Germany).
Patch-clamp external solution

1 ml of an external solution from Nanion Technologies (Munich, Germany) was used to
create the cell suspension for patch-clamp experiments. 5 pl of the external solution
was also added to the external side of the microchip in the patch-clamp setup before
addition of the cell suspension. It consisted of 2 mM CaCl,, 4 mM KCI, 1 mM MgCl,, 140
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mM NaCl, 5 mM D-glucose monohydrate and 10 mM HEPES buffer with NaOH at a pH
of 7.4 and osmolarity of 298 mOsmol. A seal enhancing solution was used temporarily
to improve the seal quality. It consisted of 80 mM NaCl, 3 mM KCI, 10 mM MgCl,, 35
mM CaCl,, 10 mM HEPES (Na*-salt)/HCI at a pH of 7.4 and osmolarity of 298 mOsmol.

Patch-clamp internal solution

5 ul of an internal solution from Nanion Technologies (Munich, Germany) was added to
the internal side of the microchip in the patch-clamp setup. It consisted of 50 mM CsCl,
10 mM NaCl, 60 mM CsF, 20 mM EGTA and 10 mM HEPES buffer with KOH at a pH of
7.2 and osmolarity of 288 mOsmol. CsCl was included to suppress outward rectifying K*

currents.
2.2 Cultivation of HCEC

The cell line used in the experiments was established by Araki-Sasaki et al. (59), where
corneal epithelial cells were isolated from a cornea of a 49-year-old woman with
maxillary sinus carcinoma then immortalised with a recombinant SV-40-adenovirus
vector. The SV40-adenovirus immortalised HCEC were kindly provided by Friedrich
Paulsen (Institute of Anatomy, University of Nuremberg, Germany). The cells were
grown in a 1:1 mixture of DMEM and Ham’s F-12, supplemented with 10% FCS and

antibiotics (penicillin and streptomycin) in a humidified 5% CO. incubator at 37°C.

The cell cultivation process is described as follows. The cells were initially washed twice
with 10 ml Mg?- and Ca*-free PBS solution in a T25 flask, after which 2 ml Accutase
was added to dissociate the cells from the flask. This mixture was incubated at 37°C
and 5% CO, for approx. 3—5 minutes. 10 ml of medium containing FCS was then added
to stop the activity of Accutase and the cells were carefully mixed with a pipette to
prevent clumping. The resultant mixture was centrifuged at a relative centrifugal force
(RCF) of 800 (= 100 x g) for 5 minutes to separate the cells, which were then removed
and resuspended in 10 ml of medium with FCS and incubated at 37°C with 95% H,0

and 5% CO; for 1-5 days before the measurements were conducted.
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2.3 Fluorescence Ca?* imaging

A fluorescence imaging system (Olympus, Hamburg, Germany) was used to detect and
quantify very small changes in intracellular Ca? concentration in HCEC while the cells

were exposed to different test solutions (see Fig. 6).

Coverslips containing the cells were first incubated with 2-3 yM of a Ca®'-sensitive
fluorescent dye Fura-2AM for about 30—40 minutes with 5% CO; at 37°C in the dark.
Fura-2AM binds Ca?* ions and the intensity of its fluorescence varies with the
concentration of Ca? and the excitation wavelength of UV light it is exposed to. The
fluorescence intensity of Fura-2-AM increases with increasing Ca?* concentration when
exposed to UV light at 340 nm and decreases with increasing Ca?* concentration when
exposed to UV light at 380 nm. The properties of Fura-2AM are explored in greater
detail in Grynkiewicz et al. (60) In instances where a TRP channel antagonist was
required, the antagonist was added to the cells in the concentration being tested, along
with Fura-2AM.

After incubation, the coverslips with the stained cells were immersed in the Ringer-like
solution described in Chapter 2.1 to remove excess dye and cell debris, then loaded
onto the bath chamber on the object table of the fluorescence microscope. 2 ml of fresh
Ringer-like solution was also added to provide an aqueous medium for the cells. In
experiments where a channel antagonist was required, it was present in the Ringer-like
solution and all test solutions used, in the concentration being tested. Using cellSens
Life Science Imaging Software (Olympus, Hamburg, Germany), individual cells were
marked out as regions of interest (61) for measurement (see Fig. 7). An automated
process was then started, whereby UV light at 2 different excitation wavelengths — 340
nm and 380 nm — were directed alternately at the cells at regular intervals and the
corresponding intensity of fluorescence at a wavelength of 510 nm (green light) emitted
by Fura-2AM was measured. This was recorded as fluorescence ratio fso/fsso — the ratio
of intensity of fluorescence emitted in response to excitation wavelength 340 nm to that
of excitation wavelength 380 nm — and plotted against time. At predetermined points of
time during the process, 2 ml of test solution was pipetted to the cells while the existing

solution was washed out with a pump.
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Fig. 6: A simplified schematic of the fluorescence imaging system used for Ca?* measurements.
Cells and test solutions were loaded onto a bath chamber located on the object stage. When a
change in test solution was required, the existing solution was washed out from the bath
chamber with a pump. An LED source was connected to a computer via a controller to control
the duration of light exposure to the cells, while the objective and ocular lenses magnified the
image. A digital camera captured the magnified images and transmitted them to the computer to
be processed. The cells could be viewed either through the ocular lens of the microscope or on

the computer’s display monitor. (lllustration by J. Lopez, created with Biorender)
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Fig. 7: HCEC incubated with Fura-2AM viewed under a fluorescence microscope. The cells
emitted a green fluorescence but were displayed in red by the imaging software. Individual cells
were marked out as regions of interest (ROI) then observed for changes in fluorescence when
exposed to different test solutions at specific points of time. ROI 20 (light blue rectangle on the
right) is a region without any cells and was designated as the ROI for background fluorescence.
This enabled a clearer distinction to be made between cell fluorescence and any background

fluorescence during measurements and increased the signal-to-noise ratio. (Photo by J. Lopez)
2.4 Planar patch-clamp technique

The planar patch-clamp technique allows measurement of very small ionic currents
across a cell membrane. In this study, the Port-a-Patch system (Nanion Technologies,
Munich, Germany) was used to measure whole-cell currents in HCEC when exposed to

different test solutions (see Fig. 8).
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The HCEC to be tested were prepared in same manner as cell culture described in
Chapter 2.2. However, after centrifugation, they were resuspended in the external
solution instead of the culture medium and FCS. The cells were then manually mixed

with a pipette to obtain a single-cell suspension and analysed under a microscope.

Before beginning the measurements, the electrodes were chlorided. 5 pl of internal
solution was pipetted onto the underside of a microchip which was then screwed onto
the chip holder. The shielding was replaced and 5 pl of external solution was added to
the top of the microchip, followed by 5 pl of the HCEC suspension. A software-

controlled pump was then used to create a seal between a single cell and the microchip.

Using the acquisition software PatchMaster (HEKA Elektronik, Lambrecht, Germany),
the seal resistance was optimised by adjusting factors such as the suction pressure of
the pump. Once a stable seal was achieved, a voltage stimulation protocol was started.
Whole-cell currents were measured for 500 ms every 5 s over a voltage range of —60
mV to +130 mV (ramp protocol). The current densities (pA/pF) were calculated as the
ratio of the current (pA) to the cell membrane capacitance (pF). At predetermined points
of time during the recording (usually 2 or 4 minutes), test solutions were applied to the
cell. This was done by pipetting 5 ul of the test solution to the top of the microchip and

removing 5 pl of the resulting mixture, then repeating this twice more.

The liquid junction potential was software calculated and accounted for (62). The mean
membrane capacitance of 8.9 + 0.4 pF (n = 4) and mean access resistance of 11.2 +
2.0 MQ (n = 4) were also software calculated. The series resistance (Rs) as well as fast
and slow capacitance transients were compensated for using a patch-clamp amplifier
controlled by PatchMaster. The measured whole-cell currents were leak-subtracted and
cells with leak currents above 100 pA were excluded from the analysis. All
measurements were conducted at room temperature of approximately 22°C. The
holding potential (HP) was set to 0 mV in order to prevent measurement errors due to

the activity of voltage-dependent Ca?* channels (VDCCs).
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Fig. 8: Planar patch-clamp setup used for measuring current flow across the cell membrane.
During the experiments, the microchip which contained the cells and test solutions was fixed
onto the headstage and covered with the shielding. The pump exerted a suction pressure to
create a seal between a single cell and the microchip. The headstage transmitted electrical
signals from the microchip to the amplifier, which measured these currents and sent the data to
a computer to be analysed. The sensitive electrical components of the setup were kept in a
metal box, which functioned as a Faraday cage. This was to prevent any external electrical

fields from interfering with the measurements of very small currents. (Photos by J. Lopez)
2.5 Statistical analysis

Several statistical tests were conducted to determine if there were significant
differences between data sets obtained from the experiments. All significance tests
were two-tailed and the results were deemed significant if the p-value was less than 5%.
Results are shown as mean values + standard error of mean (SEM). Normality was
tested for using the Kolmogorov-Smirnov test, the D’Agostino & Pearson normality test

and the Shapiro-Wilk normality test.
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For comparison of data sets before and after addition of test solutions to the same cell
or group of cells, a paired Student’s t-test was conducted if the data followed a
Gaussian distribution, and a non-parametric Wilcoxon signed-rank test was used if they
did not.

When comparing data sets of different cells or groups of cells, for example the effect of
a test solution with that of a control, an unpaired Student’s t-test was used if the data
followed a Gaussian distribution, and a non-parametric Mann-Whitney U test was used
if they did not.

Plotting of graphs and statistical evaluation of the data were done with SigmaPlot
(Systat Software, San Jose, California, USA) and GraphPad Prism (GraphPad
Software, San Diego, California, USA).

2.6 Guidelines

All experiments performed in this study are in accordance with the ethical guidelines
‘Grundsatze der Charité Universitatsmedizin Berlin zur Sicherung guter
wissenschaftlicher Praxis” (20.06.2012). As the experiments were conducted in vitro on
cultured cells from an established cell line, approval by an ethics committee was not
required. The data acquired from the experiments are stored on servers of the Charité
and locally in the Department of Ophthalmology, Charité Campus Virchow-Klinikum,

Berlin.

30



3 Results
3.1 HCEC morphology

The morphological characteristics of cultured HCEC were observed under a light
microscope at a magnification of 20x10. The cells showed a spindle form with a
centrally located nucleus and tended to grow in close proximity, forming cell clusters of

varying sizes (see Fig. 9).

HCEC cultures which were cultured over a longer period of time showed a higher
number of cell clusters and a greater cell density in each cluster. However, when cell
density was too high, the cells began to lose their physiological characteristics. This was

evident from the irregular shapes observed under a standard light microscope.

50 um
Fig. 9: Cultured HCEC seen under a light microscope at 20x10 magnification. The cells display
a typical spindle form and grow in clusters. (Photo kindly provided by S. Mergler)
3.2 EGF induces intracellular Ca* increase in HCEC via TRPC channels

To determine the effect of EGF on intracellular Ca* concentration in HCEC, 50 ng/ml
EGF was added extracellularly to the cells after the 4™ minute in a 10-minute

experiment. This caused a significant increase in fluorescence ratio (fso/fss0), Which
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corresponds to an increase in intracellular Ca?" concentration. The fluorescence ratio
increased from 0.1008 + 0.0004 at 100 s (control) to 0.1259 £ 0.0027 at 600 s in the
presence of EGF (mean + SEM; n = 85, p < 0.0001) (see Fig. 10 A and B).

The experiment was then repeated in the presence of the TRPM8/TRPV1 antagonist
BCTC. The effect caused by 50 ng/ml EGF was not reduced in the presence of 10 uM
BCTC. A similar increase in intracellular Ca** concentration was observed upon the
addition of EGF, indicating that neither TRPM8 nor TRPV1 were involved in the EGF-

induced Ca* increase (see Fig. 11).

Next, the experiments were conducted in the presence of the TRPC channel antagonist
SKF 96365.

In the presence of 10 uM of SKF 96365, a partial suppression of the EGF effect was
observed, indicating an involvement of TRPC channels in the EGF effect. The
fluorescence ratio increased slightly from 0.1000 + 0.0004 at 100 s (control) to 0.1067
0.0007 at 600 s in the presence of EGF and SKF 96365 (mean + SEM; n = 40, p <
0.0001) (see Fig. 12 A). This increase was significantly smaller than that without the
antagonist (p < 0.0001) (see Fig. 12 C).

In the presence of a higher concentration of SKF 96365 (20 uM), a complete
suppression of the EGF effect was observed, showing a dose-dependent inhibition of
the EGF effect by the antagonist. There was no significant increase in intracellular Ca**
concentration after addition of EGF. The fluorescence ratio was 0.1011 + 0.0004 at 100
s (control) and 0.1022 £ 0.0008 at 600 s in the presence of EGF and SKF 96365 (mean

+ SEM; n = 75, p = 0.1691) (see Fig. 12 B).

In summary, the results indicate that the EGF-induced Ca? increase in HCEC was due
to TRPC channel activation, since the corresponding TRPC channel antagonist clearly
suppressed this effect. Moreover, a significantly stronger suppression of the EGF-
induced Ca* increase was observed in the presence of the higher concentration
compared to the lower concentration of SKF 96365 (p = 0.0003) (see Fig. 12 C).
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Fig. 10: Changes in fluorescence ratios (fao/fss0) of HCEC when exposed to 50 ng/ml EGF. The
arrows represent the point in time where EGF was added to the cells. (A) shows the
fluorescence ratios of 85 individual cells exposed to 50 ng/ml EGF after the 4™ minute. In (B),
the filled circles represent the mean fluorescence ratios of HCEC being tested (n = 85) and the
open circles form a baseline representing the mean fluorescence ratios of HCEC without any
EGF exposure (n = 28).
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Fig. 11: Mean fluorescence ratios (fso/faso) of HCEC when exposed to 50 ng/ml EGF in the
presence of 10 uM BCTC (n = 63). EGF was added to the cells at the 4™ minute while BCTC
was present throughout the experiment, as indicated by arrows respectively. The fluorescence
signal increased after application of EGF, despite the presence of the TRPM8/TRPV1
antagonist.
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Fig. 12: Comparison of mean fluorescence ratios (fao/fss0) of HCEC when exposed to 50 ng/ml
EGF in the presence of different concentrations of SKF 96365. (A) and (B) show the mean
fluorescence ratios of HCEC exposed to 50 ng/ml EGF after the 4™ minute in the presence of 10
MM SKF 96365 (n = 40) and 20 pM (n = 75) SKF 96365 respectively. The downward arrows
represent the point in time where EGF was added to the cells. (C) compares the change in
mean fluorescence ratios of HCEC before and after addition of 50 ng/ml EGF under three
different conditions; without a TRP channel antagonist (n = 85), with 10 yM SKF 96365 (n = 40)
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and with 20 uM SKF 96365 (n = 75). The asterisks (*) designate significant differences between
the mean fluorescence ratios of HCEC before and after addition of EGF, the hashes (#)
designate significant differences between the EGF-induced effect with different concentrations
of SKF 96365 used.

3.3 The EGF effect on HCEC in the presence and absence of extracellular Ca*

The next experiment was conducted to investigate if extracellular Ca?* was necessary
for the EGF-induced Ca? increase in HCEC. At the start of the measurements, the cells
were exposed to 1.5 mM Ca?**-containing Ringer-like solution. After the 4™ minute, this
Ringer-like solution was replaced with 1 mM EGTA Ca%*-free Ringer-like solution,
whereby a corresponding decrease in intracellular Ca®** concentration was observed.
The fluorescence ratio decreased significantly from 0.0996 + 0.0003 at 100 s (control) to
0.0706 + 0.0025 at 400 s in the Ca*-free solution (mean + SEM; n = 73, p < 0.0001).
Subsequently, 50 ng/ml EGF in a Ca*-free solution was added to the cells after the 8"
minute. This caused no increase in the intracellular Ca®* concentration, indicating that
extracellular Ca? was necessary for the EGF-induced Ca?* increase. The fluorescence
ratio continued to decrease significantly from 0.0706 + 0.0025 at 400s in the Ca*-free
solution to 0.0604 + 0.0033 at 900 s in the Ca*-free solution with EGF (mean + SEM; n
=73, p < 0.0001) (see Fig. 13 A and B). EGF therefore did not elicit a response in

HCEC the absence of extracellular Ca?".

The same experiment was then repeated, but this time, 1.5 mM Ca?*-containing Ringer-
like solution was added back extracellularly together with 50 ng/ml EGF to the cells after
the 8" minute. This time, significant increase in intracellular Ca® concentration above
the baseline was observed after the addition of EGF, confirming that this EGF-induced
Ca?" increase could only occur in the presence of extracellular Ca%*. The fluorescence
ratio initially decreased significantly from 0.1013 £ 0.0005 at 100 s (control) to 0.0862 +
0.0013 at 460 s in the Ca®-free solution (mean + SEM; n = 69, p < 0.0001) and
increased significantly to 0.1129 + 0.0016 at 600 s in the Ca®*-containing solution with
EGF (mean £ SEM; n = 69, p < 0.0001) (see Fig. 13 C).

As a control to demonstrate the effect of returning extracellular Ca? alone on

intracellular Ca?* concentration of HCEC, another experiment was conducted where 1.5
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mM Ca*-containing Ringer-like solution was replaced with 1 mM EGTA Ca*-free
Ringer-like solution after the 4™ minute, which was then replaced again with 1.5 mM
Ca?*-containing Ringer-like solution after the 8" minute. EGF was not added to the cells.
The fluorescence ratio first decreased significantly after the 4™ minute from 0.0991 +
0.0008 at 100 s in the Ca?*-containing solution to 0.0872 + 0.0012 at 460 s in the Ca*'-
free solution (mean + SEM; n = 19, p = 0.0001) and then increased significantly after
the 8™ minute to 0.0955 + 0.0015 at 600 s in the Ca®*-containing solution (mean + SEM,;
n =19, p <0.0001). There was no significant difference in fluorescence ratios at 100 s
(control) and at 600 s (n = 19, p = 0.0671), showing that the introduction of extracellular
Ca?* alone did not produce an intracellular Ca® increase beyond the baseline level in
HCEC (see Fig. 13 D).
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Fig. 13: Effect of 50 ng/ml EGF on mean fluorescence ratios (fso/fss0) of HCEC in Ca®*-

containing and Ca?*-free measuring solutions. The arrows represent the points in time where the

respective solutions were added. In (A), the Ca?-containing measuring solution was replaced

with a Ca*-free Ringer-like solution containing 1 mM EGTA after the 4™ minute and 50 ng/ml

EGF was added to the HCEC after the 8™ minute. The filled circles represent the mean

fluorescence ratios of HCEC being tested (n = 73) and the open circles form a baseline

representing the mean fluorescence ratios of HCEC in Ca*-containing solution without any EGF

exposure (n = 28). (B) compares the mean fluorescence

ratios of HCEC in this experiment in

three instances; in 1.5 mM Ca?*-containing measuring solution, when Ca?* is removed from the

measuring solution and when 50 ng/ml EGF is subsequently added in the absence of
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extracellular Ca?* (n = 73). The asterisks (*) designate significant differences in the mean
fluorescence ratios of HCEC at the different points in time. In (C), the same experiment was
carried out but with 1.5 mM Ca?" added back to the measuring solution together with 50 ng/ml
EGF after the 8" minute. The filled circles represent the mean fluorescence ratios of HCEC
being tested (n = 69) and the open circles form a baseline representing the mean fluorescence
ratios of HCEC in Ca®"-containing solution without any EGF exposure (n = 28). (D) shows the
effect of merely removing Ca®* from the measuring solution after the 4™ minute and adding 1.5
mM Ca?" back after the 8" minute, without application of EGF. The filled circles represent the
mean fluorescence ratios of HCEC being tested (n = 19) and the open circles form a baseline

representing the mean fluorescence ratios of HCEC in Ca®*-containing solution (n = 28).
3.4 EGF induces whole-cell currents in HCEC

Planar patch-clamp experiments were also conducted on HCEC to detect changes in
whole-cell currents across the cell membrane when the cells were exposed to EGF in

the presence and absence of SKF 96365.

Whole-cell currents increased when 50 ng/ml EGF was added to the cells and
decreased when 20 uM SKF 96365 was additionally present (see Fig. 14 A and B). At a
stimulation voltage of -60 mV, inward currents increased significantly from -22.78 + 6.94
pA/pF to -52.20 + 16.39 pA/pF (mean £ SEM; n = 5, p = 0.0404) upon application of
EGF and decreased significantly to -27.12 + 10.70 pA/pF (mean + SEM; n = 5, p =
0.0192) when SKF 96365 was additionally present. At a stimulation voltage of 130 mV,
outward currents increased significantly from 186.70 + 55.68 pA/pF to 266.40 + 82.02
pA/pF (mean £ SEM; n = 5, p = 0.0410) upon application of EGF and decreased
significantly to 176.10 £ 57.60 pA/pF (mean £ SEM; n =5, p = 0.0231) when SKF 96365
was additionally present (see Fig. 14 C).

These observations suggest that the EGF-induced increase in inward and outward
whole-cell currents in HCEC was due to TRPC channel activation, since the effect could
be reduced in the presence of the TRPC channel antagonist SKF 96365.
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Fig. 14: Effect of 50 ng/ml EGF with and without 20 yM SKF 96365 on whole-cell currents in
HCEC. (A) shows the time course recording of whole-cell currents at -60 mV (lower trace) and
130 mV (upper trace). The currents were normalised to cell membrane capacitance (current
density; pA/pF). 50 ng/ml EGF led to a large increase in whole-cell currents, which decreased

after washout of EGF (recovery). A second EGF application also increased whole-cell currents,
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whereas application of 20 yM SKF 96365 suppressed this effect. In (B), original traces reflect
the change in whole-cell currents in response to voltage ramps. The traces show currents
before application of test solutions (trace A), after application of 50 ng/ml EGF (trace B), and
after application of 50 ng/ml EGF with 20 yM SKF 96365 (trace C). (C) shows the comparison of
whole-cell current changes induced by 50 ng/ml EGF with and without 20 yM SKF 96365 at -60
mV and 130 mV. The asterisks (*) designate statistically significant differences in whole-cell

currents.
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4 Discussion
4.1 Involvement of TRPC channels in EGF-induced Ca?* influx in HCEC

Fluorescence Ca* imaging demonstrated intracellular Ca? increase in HCEC induced
by exposure of the cells to 50 ng/ml EGF. There was some variation in the Ca®'
response between individual traces, with certain cells displaying large influxes of Ca®'
and others showing comparatively smaller Ca?* increases. As a whole, however, a clear
upward trend could be observed in the intracellular Ca?* concentration following the
introduction of EGF, suggesting a strong interaction between EGFR activation and Ca?*
channels in HCEC.

To determine if TRPs are the channels responsible for this EGF-induced effect in
HCEC, TRP channel antagonists were tested. These antagonists are often selective to
a particular TRP channel or group of TRPs and are used in electrophysiological studies
of cells to determine the involvement of certain TRP channel subtypes in an ionic flux
(63, 64). If the presence of an antagonist reduces the intracellular Ca?" influx triggered
by EGF, it suggests that the TRP channel subtype inhibited by that antagonist is
involved in the EGF effect. If the level of EGF-induced Ca?* influx remains unchanged
despite the presence of the antagonist, the EGF effect is likely to be independent of the

corresponding TRP channel.

One TRP channel antagonist used in this study was BCTC. BCTC is a potent inhibitor of
TRPM8 and TRPV1. BCTC has been used to inhibit TRPMS8 in various ocular cell types
such as in human corneal epithelial as well as endothelial cells (37, 41). In prostate
cancer cells, BCTC has exhibited an anti-proliferative effect by inhibiting TRPM8 (65). It
has also been shown to reduce thermal hyperalgesia in rats by inhibiting TRPV1
responsible for the detection of pain (66). In this study, fluorescence Ca?" imaging of
HCEC in the presence of 10 yM BCTC showed no inhibitory effect on the EGF-induced
Ca?* increase, indicating that TRPM8 and TRPV1 are not likely responsible for this

phenomenon.

Another TRP channel antagonist used was SKF 96365. SKF 96365 is a non-selective

TRP channel antagonist known to inhibit members of the TRPC subfamily. This
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imidazole derivative was first characterised as an inhibitor of receptor-mediated Ca?
entry after being found to suppress Ca?* influx stimulated by adenosine diphosphate
(ADP) and thrombin in human thrombocytes, neutrophils and endothelial cells. It was
also observed to inhibit VDCCs in excitable cells such as GH3 pituitary adenoma cells
and arterial smooth muscle cells (67). Subsequently, SKF 96365 was also found to
inhibit CCE in HL-60 promyelocytic leukaemia cells (68), thymic lymphocytes (69) and
FRTL-5 thyroid epithelial cells (70). Further research into the inhibitor and an increased
understanding of TRPs over the years led to a more specific characterisation of SKF
96365 and its effects on TRPC channels in particular. SKF 96365 is now known to
inhibit several members of the TRPC subfamily, such as TRPC3 (71, 72), TRPC4 (73),
TRPC5 (74), TRPCG6 (75, 76) and TRPC7 (77). Fluorescence Ca®" imaging data from
this study showed that the EGF-induced Ca?* increase in HCEC was partially reduced in
the presence of 10 yM SKF 96365 and completely suppressed in the presence of 20
MM SKF 96365. Based on the known characteristics of SKF 96365, the type of channels
responsible for the EGF effect seen in this study can be deduced. As VDCCs are
usually activated in response to membrane depolarisation in excitable cells (78), and
HCEC are non-excitable cells with no reported activity of VDCCs under physiological
conditions, the inhibitory effect of SKF 96365 on VDCCs can be discounted in this
present study. The inhibitory effect of SKF 96365 on CCE can also be ignored, as EGF
does not appear to trigger CCE in HCEC (see Chapter 4.2). This leaves cell membrane-
localised TRPC channels as the likely cause for the EGF-induced Ca? increase
observed in HCEC, an effect which was inhibited in a dose-dependent manner with SKF
96365.

The fluorescence Ca? imaging results were supported by patch-clamp measurement of
whole-cell currents in HCEC. Both inward and outward currents increased in the
presence of 50 ng/ml EGF and decreased in the presence of a mixture of 50 ng/ml EGF
and 20 yM SKF 96365. This shows that an extracellular application of EGF to HCEC
activates ion channels on the cell surface, resulting in an increased flux of ions across
the cell membrane. Significant reduction of the EGF-induced inward and outward
currents by SKF 96365 confirms that TRPC is the type of channel involved in the

process.
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TRPC channel activation in response to EGF in HCEC has, in fact, been investigated
before. In one previous report, a suppression of EGF-induced currents was observed in
HCEC with TRPC4 knocked down (33). This present study provides further evidence for
the involvement of TRPC channels in signaling pathways activated by EGF in HCEC.

4.2 EGF effect in HCEC is independent of CCE

In the fluorescence Ca* imaging experiments, 50 ng/ml EGF did not elicit an
intracellular Ca?** increase in HCEC when Ca®* was absent from the extracellular
solution. This suggests that intracellular Ca*-release channel activity and CCE are not
involved in the response HCEC to EGF. The intracellular Ca? increase that occurs in
the presence of extracellular Ca* is likely due to an EGFR-associated activation of
TRPC channels on the cell membrane. Although TRPC4 has been reported to be
involved in CCE in HCEC and appears to be a key channel involved in the EGF-induced
currents in HCEC (33), it is likely that this channel is activated independently of CCE in
the presence of EGF. A possible explanation for this is that TRPC4 may have distinct
activation mechanisms in HCEC, one involving intracellular Ca? store depletion and
another involving activation of the EGFR. In fact, in existing literature, it has been
suggested that TRPC4 is capable of being activated by both store-operated and

receptor-operated mechanisms (55).

In cells where CCE is induced by EGF, intracellular Ca?* store depletion is visible as an
increase in the fluorescence ratio upon addition of EGF even in the absence of
extracellular Ca*, as observed in RCEC (54). As EGF caused a change in Ca*
fluorescence ratios in HCEC only in the presence of extracellular Ca%, it can be
concluded that activated EGFR in turn activates TRPC channels found on the cell
surface of HCEC without mobilisation of Ca®* stores. This is the first time that EGF-

induced intracellular Ca? increase in HCEC is shown to occur independently of CCE.

This finding therefore also reveals a previously unknown difference between the effect
of EGF on Ca?®* regulation in HCEC and that which has been described in RCEC. It

would be advisable to consider this difference when applying rabbit models to study the
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effects of EGF-containing drugs on the human corneal epithelium, since distinct

intracellular pathways appear to be activated by EGF in the different species.
4.3 Current understanding of TRPC channel association with CCE

This study’s demonstration of CCE-independent TRPC channel activation in HCEC is
particularly useful as it sheds some light on the complex activity of this lesser
understood TRP channel subfamily. While research into the various functions of these
channels progresses, evidence continues to accumulate for the involvement of TRPC

channels in both CCE-dependent and CCE-independent mechanisms.

In 1995, the first mammalian TRP channel, TRPC1, was identified based on its
molecular similarity to the Drosophila TRP channel (79, 80). A year later, other
members of the TRPC subfamily, TRPC2-6, were identified (81). TRPC7, the final
member of this subfamily, was discovered in 1999 (77). However, unlike the Drosophila
TRP channels which are only expressed in insect photoreceptors, mammalian TRPC
channels are ubiquitously expressed across a variety of tissues, exhibiting highly

diverse properties and functions (82).

Research into TRPC channel activity over the years has often appeared to yield
conflicting results, particularly with regard to the channel’s involvement in CCE. CCE is
the mechanism in which Ca®* channels on the cell membrane are activated by active or
passive depletion of intracellular Ca* stores, resulting in an influx of Ca®* from the
extracellular space into the cell (83). In fibroblast-like cells, expression of TRPC1 and
TRPC3 were both found to augment CCE, while TRPC2 was found to be activated by
store depletion in mice, leading some researchers to propose that TRPC channels were
structural components of CCE (81, 84). Similarly, studies have shown that CCE is
affected by TRPC1 in chicken DT40 B cells (85) and pulmonary artery smooth muscle
cells (PASMC) (86). In HCEC, knockdown of TRPC4 was found to cause a reduction in
CCE (33). These observations suggest a relationship between CCE and activity of

channels in the TRPC subfamily.

On the other hand, studies have also provided evidence of TRPC channel activity and

CCE occurring independently. In one study, TRPC7 appeared not to be involved in
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thapsigargin-induced CCE but could be activated by the second messenger
diacylglycerol (77). Another report showed that alteration of TRPC channel expression
with exogenous hormones such as B-estradiol and trans-retinoic acid produced no
effect on CCE in bovine aortic endothelial cells (BAEC) (87). In bovine corneal
endothelial cells (BCEC), expression of TRPC4 displayed an inhibitory effect on
receptor-induced Ca®" entry but no effect on store-induced Ca* entry (88). Evidently,
the variation in TRPC channel activity under different conditions made it difficult to

ascertain the exact function of these channels and their relationship with CCE.

Subsequent research led to the discovery of two cellular components crucial to CCE —
stromal interaction molecule 1 (STIM1) and Ca? release-activated Ca* channel protein
1 (ORAI1). STIM1 functions as a Ca** sensor on the ER membrane, while ORAI1 is a
pore-forming transmembrane protein whose activation elicits SOC activation on the cell
membrane. When the concentration of Ca® in the ER drops, Ca®* dissociates from the
Ca?*-binding domain of STIM1 within the ER lumen. STIM1 then translocates from the
ER to punctae near the cell membrane and activates ORAI1, leading to an influx of
extracellular Ca* via SOCs into the cell (89-94). Interestingly, STIM1 and ORAI1 have
also been shown to interact with TRPC channels. For instance, STIM1 could activate
TRPC1 and TRPC3 (95, 96), while ORAI1 was able to interact with TRPC3 and TRPC6.
STIM1 and ORAI1 appear to play regulatory roles closely associated with CCE, in some

cases by enabling TRPC channels to activate in response to store depletion (97).

In this present study, CCE-independent activity of TRPC channels was demonstrated.
Based on data gathered from fluorescence Ca®" imaging and patch-clamp whole-cell
current measurements of HCEC, EGF triggered an influx of Ca?* via TRPC channels on
the cell membrane without requiring prior depletion of the intracellular Ca?" stores.
Previously, EGF-induced TRPC activation in HCEC was believed to be associated with
CCE (33). This study, however, challenges that perspective and highlights the diversity
of TRPC channel function. It is likely that while TRPC channel activity may be involved
in CCE, the channels can also take part in other intracellular processes which do not

necessarily involve CCE in this cell type. Further research, however, is needed to fully
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understand the diverse physiological roles that TRPC channels play and their functional

differences across the cell types.
4.4 Limitations

In any cell culture, environmental factors may affect the vitality of the cells and
compromise their function. In some instances, cells from the HCEC culture were found
to undergo apoptosis prematurely, rendering them unsuitable for the experiments. To
avoid skewing the results due to such anomalies, the cells were inspected under a light
microscope after incubation to ensure that they had maintained their regular form and
had successfully proliferated, before conducting the experiments. It should also be
noted that measurements were conducted on immortalised cultured cells, which may
exhibit different characteristics to cells of primary cultures. To ensure reliability of the
experiments, a well-established cell line was used in this study. Cells of this line closely
resemble primary HCEC (59). Nevertheless, one should be cautious when using the
data obtained from these experiments conducted in vitro to predict the characteristics of

HCEC in vivo due to the differences in external environments.

In fluorescence Ca®" imaging experiments, errors may also arise due to the light-
sensitive nature of the process. The wavelength of cell fluorescence measured falls
within the range of visible light and is susceptible to interference from external light
sources. Furthermore, photobleaching may occur in the fluorescence dye Fura-2AM
when exposed to light at a high intensities or for a prolonged period of time (98). This
can alter its spectral properties and give rise to inaccuracies when measuring the levels
of intracellular Ca®. To counter these effects, the dye-stained cells were stored in the
dark, while measurements with the fluorescence microscope were carried out with as
little ambient light as possible. Nevertheless, a small amount of external light exposure

is to be expected due to operational constraints.

The patch-clamp technique is also associated with certain limitations. As each
measurement is performed on a single cell, the accuracy of the measured whole-cell
currents is highly dependent on the quality of cell culture and cell preparation. In

addition, the possibility of a weak seal between the cell and the microchip during
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measurements is a technical limitation of the process. If the seal is not stable enough,
leak currents may become significant and interfere with the recording of whole-cell
currents. To ensure more accurate results, the experiments were only allowed to
proceed if the seal resistance was sufficiently high. Leak currents were also

compensated for and cells with high leak currents were excluded from the analysis.
4.5 Clinical application

Knowing the effect of EGF on the corneal epithelium is of great medical importance.
EGF is physiologically present in healthy tears and plays a vital role in maintaining the
integrity of the ocular surface (99, 100). However, in patients with dry eye syndrome
(DES), tear production and consequently, the amount of EGF present naturally on the
cornea, is reduced. This loss of this protective EGF could cause the cornea to become
prone to defects as its wound-healing capacity is affected. Interestingly, one study
demonstrated that topically applied EGF was able to improve the symptoms of patients
with persistent corneal epithelial defects (101). In addition, many types of artificial tears
which are used to treat conditions such as DES contain hydrogels which activate the
EGFR. This mechanism is thought to be partly responsible for the healing properties of
such products (102).

Even cancer patients undergoing treatments with EGFR antibodies appear to benefit
from a topical application EGF to the cornea (103). Monoclonal antibodies such as
cetuximab, which inhibit the EGFR, are often used in the treatment of cancers like
colorectal, head and neck carcinomas. However, while effective in the reduction of the
tumours, these antibodies may also inhibit the useful healing effect of EGF in the
cornea. In such patients, application of EGF directly to the ocular surface has been

shown to reduce the side effects of EGFR antibodies on the corneal epithelium (103).

EGF, with its wide-ranging applications, shows great promise as a therapeutic option in
a host of ocular diseases. In order to understand and take full advantage of the healing
properties of this growth factor, it is important to know the intracellular changes brought

about by EGFR activation. It is hoped that this study facilitates a clearer understanding
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of the complex interactions of EGFR with TRPs in corneal cells and paves the way for

the development of specific drugs to better treat pathologies of the cornea in the future.
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