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Abstract

Background/Aims: Transient receptor potential vanilloid 1 (TRPV1) belongs to the
vanilloid TRP channel family and was first known as a pain receptor which can be
activated by capsaicin (CAP), the pungent ingredient in hot chili peppers. Since TRPV1
is expressed in corneal tissues including corneal nerve fibers, there is substantive
evidence that functional TRPV1 expression has important roles in controlling corneal
transparency, which is required for normal vision. On the one hand, this channel is
involved in wound healing processes by promoting stromal fibroblast
transdifferentiation into myofibroblasts. On the other hand, TRPV1 activation can lead
to calcium influx and the release of proinflammatory cytokines triggering inflammatory
ocular surface diseases. Due to these novel roles of TRPV1, its characterization in
each corneal cell layer is essential to elucidate the promoting or inhibiting influence of
endogenous modulators on this channel activity. This insight may help to identify novel
procedures for improving therapeutic management of wound healing. Previous studies
suggested that L-carnitine has osmoprotective effects in human corneal and
conjunctival epithelial cells, elicited through the suppression of hypertonic-induced
TRPV1 activation. In this thesis, the inhibitory influence of L-carnitine on TRPV1 activity
in immortalized human corneal keratocytes (HCK) was investigated. Methods: The
planar patch-clamp technique was used to record whole-cell currents of TRPV1 in an
established HCK cell line. In addition, the intracellular calcium concentration ([Ca?*])
was measured using fluorescence calcium imaging, whereby the fluorescence ratio
(faaonm/f3sonm) is proportional to [Ca?*]i. The effect of L-carnitine was investigated on
heat-, hypertonic-, and CAP-induced TRPV1 activation. Results: 1 mM L-carnitine
inhibited increases of [Ca?']i induced by either hypertonic stress (450 mOsM),
temperature rise (= 43 °C) or extracellular application of 10 yM CAP. In parallel with
the calcium regulation, L-carnitine also suppressed the underlying increases in ionic
currents induced by TRPV1 activation. Conclusion: There is functional TRPV1
expression in HCK. Furthermore, an inhibiting effect of L-carnitine on TRPV1 activity
was evidenced in HCK for the first time. In a clinical context, these findings suggest a
protective effect of L-carnitine against TRPV1-induced [Ca?*]i increases and hold

promise for reducing stromal scarring through corneal wound healing.



Zusammenfassung

Hintergrund/Zielsetzung: Der Transient Rezeptor Potential Vanilloid 1 (TRPV1) ist
der bekannteste Vertreter der TRP-Kanal Familie und kann durch Capsaicin aktiviert
werden (Capsaicin-Rezeptor). In vitro Studien haben zeigen kénnen, dass der TRPV1
nicht nur im peripheren und zentralen Nervensystem, sondern auch in nichtneuronalen
Zellen der Augenoberflache vorkommt. Durch seine Expression im Hornhautgewebe
Ubernimmt er eine wichtige Rolle in der Aufrechterhaltung der Hornhauttransparenz,
welche fur einen klaren Seheindruck entscheidend ist. Einerseits ist der TRPV1 in
Prozessen der stromalen Wundheilung involviert. Andererseits erhdht seine
Aktivierung den Calciumeinstrom sowie die Freisetzung proinflammatorischer
Zytokine, welche zu entziindlichen Reaktionen der Augenoberflache fuhren. In Hinblick
auf mogliche Therapieansatze ist eine nahere Charakterisierung dieser nicht-
klassischen TRPV1 Funktion in den einzelnen Hornhautschichten des Auges
entscheidend. Bisherige Studien haben zeigen kdnnen, dass L-Carnitin durch seinen
hemmenden Einfluss auf den TRPV1 einen osmoprotektiven Effekt sowohl im
Hornhaut- als auch Bindehautepithel aufweist. Die vorliegende Arbeit beschaftigt sich
mit dem Effekt von L-Carnitin auf den TRPV1 induzierten Calciumanstieg in humanen
Hornhautkeratozyten (HCK). Methoden: Eine etablierte SVA40-transfizierte HCK
Zelllinie wurde als HCK Modell verwendet. Mit der planaren Patch-Clamp-Technik
wurden Ganzzellstrome nach TRPV1 Aktivierung in Ab- und Anwesenheit von L-
Carnitin gemessen. Ferner wurden Fluoreszenzsignale (fasonm/fasonm), welche
proportional zur intrazellularen Calciumkonzentration sind, mittels Fluoreszenz
Calcium Imaging Verfahren aufgezeichnet. Hierbei wurde der Einfluss von L-Carnitin
auf den durch Hitze (= 43 °C), Hyperosmolaritat (450 mOsM) und Capsaicin (10 puM)
aktivierten TRPV1 untersucht. Ergebnisse: 1 mM L-Carnitin reduziert die intrazellulare
Calciumkonzentration in HCK Zellen durch Hemmung des TRPV1 Kanals. Zudem
konnte gezeigt werden, dass L-Carnitin die durch Capsaicin erhéhten TRPV1
lonenstrome unterdrickt. Schlussfolgerung: Funktionale TRPV1 Expression liegt
auch in stromalen HCK Zellen vor. Erstmalig konnte der hemmende Einfluss von L-
Carnitin auf den TRPV1 Kanal in HCK Zellen nachgewiesen werden. Diese Ergebnisse
deuten darauf hin, dass L-Carnitin einen protektiven Einfluss auf durch erhéhte TRPV1
Aktivitat hervorgerufene Augenschaden haben kdnnte. L-Carnitin kdnnte somit einen
vielversprechenden therapeutischen Ansatz sowohl in der Vorbeugung als auch

Behandlung stromaler Hornhautverletzungen darstellen.



1. Introduction

1.1 Anatomy and function of the human cornea

The avascular transparent cornea layer is located at the outermost part of the ocular
surface and has an horizontal diameter of about 11 mm (1) and a central thickness of
around 560 um (2). Nearly 90 % of the cornea consists of stroma, the middle
connective tissue between the epithelium and endothelium, and it has a central
thickness of 465 — 500 pm (2-4). The corneal epithelium, with a thickness of
approximately 50 um (2), is located at the outside facing the air, while the endothelium
(4 - 6 um thick) forms the undermost layer at the posterior cornea (5). In addition to
these three cellular layers (epithelium, stroma, endothelium), the cornea also contains
two interface basement membranes: the Bowman membrane (~ 16 pm thick) (2)
located between the epithelium and stroma as well as the Descemet membrane (8 —
10 um thick) located between the stroma and endothelium (6) (Fig.1). In 2013, an
acellular membrane called Dua’s layer (6 — 13 um thick) was first detected between

the stroma and Descemet membrane (7).
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Figure 1: Vertical anatomy of the human cornea. A: Histological structure of the human eye cornea;
magnification x100. The corneal epithelium is located above the Bowman membrane at the outmost part
of the cornea, while the endothelium is located under the Descemet membrane at the posterior cornea.
The corneal stroma is located between the epithelial and endothelial layers. [Image kindly provided by
M. Valtink (8)]. B: Schematic structure of the cornea. The corneal stroma embraces most of the corneal
tissue containing keratocytes (blue stained cells), from which are derived fibroblasts and myofibroblasts

interspersed between collagen fibrils. [Secker et al. (9)].
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The cornea as the window of the eye is involved in light refraction as well as protection
against external stimuli and keeps the rigidity of the eyeball. Due to the fact that the
cornea mainly contributes to light refraction, its transparency plus smooth and intact
curvature are relevant for good vision.

The cornea is sensory innervated by the ophthalmic branch of the trigeminal nerve
(10). The nerves enter the cornea in the middle third of the stroma, divide into smaller
branches forming the subepithelial nerve plexus as well as the subbasal epithelial
nerve plexus and innervate the cornea from the epithelial cell layer to the mid stroma
(11-15) (Fig. 2).
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Figure 2: Schematic image of corneal innervation. From the limbal plexus, corneal nerves enter the
mid stroma and run forward anteriorly toward the central area (reviewed in (15)). Between the Bowman
layer and the anterior stroma, the stromal nerves form the subepithelial nerve plexus (reviewed in (15)).
Then, they perforate the Bowman layer forming the subbasal epithelial nerve plexus and terminate within

the superficial epithelial layer (reviewed in (15)). [Image modified after Mertsch et al. (16)].

The cornea not only consists of the aforementioned nonexcitable cells, but also
contains excitable cells (nociceptors) in nerve fibers containing 7000 pain receptors
per mm? reflecting the highest pain receptor density of the human body (10).
Accordingly, the cornea has the highest sensitivity compared with other tissues in the
entire body and is provided with oxygen and other important nutrients through aqueous
humor, a vascular loop system, and the tear film (17). The cornea also participates in
mediating dynamic processes including cell-cell and cell-extracellular matrix
interactions, which are necessary for the maintenance of the corneal structure and
function (17). A disturbance of this dynamic network-system may affect all corneal

layers and may elicit inflammatory cytokines, leading to corneal destruction (17).
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Furthermore, keratocytes located in the stroma have a crucial role regarding
inflammatory processes and corneal wound healing and will be introduced in the next

paragraph.

1.2 Human corneal keratocytes and ocular surface

The corneal stroma embraces most of the corneal tissue and contains water,
keratocytes, proteoglycans, and collagen fibrils especially type I, Il and V (18). Human
corneal keratocytes (HCK) are mesenchymal-derived specialized fibroblasts in the
stroma and are a population of normally quiescent cells (19, 20). The highest density
of keratocytes is in the anterior 10 % of the stroma with ~ 20.500 cells/mm? (2). Since
keratocytes produce collagen and proteoglycans, they contribute in maintaining
corneal structure (21). Furthermore, HCK cells contain proteins such as so called
crystallins in their cytoplasma, which maintain the transparency of the cornea (22).
Since corneal keratocytes have a similar refractive index as the surrounding stroma,
they are usually unseen (22). During activation, the relative proportion of these
crystallin proteins diminishes, making the keratocytes visible (22). Their ability to
proliferate and produce matrix metalloproteinases (MMP) shows their major role in
healing processes and expressing inflammation signals (23). Functional interleukin
(IL)-4 and IL-17-receptors are expressed on the surface of cultured HCK cells,
suggesting that these cells may be involved in the control of corneal inflammation,
since IL-4 and IL-17 are proinflammatory mediators (24, 25). Furthermore, HCK cells
express clusters of differentiation (CD) 34 antigens on their surface, which enable
leukocyte adhesion during inflammatory processes (26). The superficial epithelial layer
of the cornea stabilizes the tear film, which is secreted for maintaining ocular surface
health (27). It protects the eye against dehydration and guarantees the transparency
needed for visual detection (27). Due to the avascular nature of the corneal stroma,
keratocytes are dependent on the overlying epithelium (23, 28). In various studies,
corneal epithelial-keratocyte cell interactions have been analyzed extensively (23, 29-
36). In event of corneal injury, keratocytes are stimulated to either undergo apoptosis
or to lose their quiescence and transmute into repair phenotypes (29-36). Firstly,
cytokines such as tumor necrosis factor alpha (TNFa) and IL-1 are released from the
overlying epithelium into the stroma resulting in apoptosis of the anterior stromal
keratocytes (23, 29, 31, 34, 36). This initial HCK cell death functions to protect the
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cornea from further inflammation and subsequent loss of visual transparency (23, 30).
After apoptosis and mitosis, the migration of keratocytes from deeper stromal layers is
induced by platelet-derived growth factor (PDGF), which replenishes the anterior
stroma during wound healing (37). Additionally, in the event of basement membrane
disruption, the corneal epithelium also secretes transforming growth factor (TGF)-f32,
which can activate HCK and induce myofibroblastic transformation, leading to new
extracellular matrix production (33, 35). These findings illustrate the major involvement

of HCK in mediating inflammatory processes during corneal repair.

1.3 Transient receptor potential channels

Corneal keratocytes, like other cells, are regulated by calcium (Ca?*) dependent
cellular mechanisms. Transient receptor potential channels (TRPs) are substantially
involved in Ca?* regulation. TRPs were first detected in the fruit fly Drosophila (38) and
include a large number of non-selective cation channels, which are mostly Ca?*
permeable (reviewed in (39)). Based on structure, stimulation, and phylogeny, there
are 28 TRP subtypes, which are classified into the following 7 subfamilies: TRPC
(canonical), TRPV (vanilloid), TRPM (melastatin), TRPN (no mechanoreceptor
potential - NOMP), TRPA (ankyrin), TRPML (mucolipin), and TRPP (polycystin)
(reviewed in (40)) (Fig. 3).
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Figure 3: Phylogenetic tree of the mammalian TRP channel superfamily. Each TRP channel
superfamily is marked with a different color. To date, TRPN has only been detected in worm, Drosophila,

and zebrafish. [Nilius et al. (41)].
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TRPs consist of six transmembrane helices (S1-S6), while segments S5 and S6 form
a loop for the passage of cations (42). All TRPs, except TRPM4 and TRPM5, are Ca?*
permeable (43, 44). As polymodal channels, TRPs are activated by a host of stimuli
such as temperature, osmotic or pH changes, mechanical stress or intracellular and
extracellular ligands that mediate sensory transduction. Furthermore, they are involved
in thermo- and osmosensation as well as in perceiving the five senses (vision, taste,
olfaction, hearing and touch) (reviewed in (45)). In excitable cells, activation of TRPs
increases the intracellular sodium (Na*) and intracellular calcium concentration
([Ca?*]), which leads to a depolarization of the cell membrane that in turn activates
action potentials above a certain membrane voltage threshold (reviewed in (46)). An
excessive Ca?* influx may be a relevant modulator in the pathogenesis of ocular
surface dystrophy, since numerous studies have demonstrated that dysfunction of
voltage dependent ion channels and TRPs is related to increased cytosolic Ca?* and
apoptosis (47-49). TRPs are expressed in both excitable cells (neurons) and
nonexcitable cells (50, 51). However, their functions - especially in nonexcitable cells
- are not fully elucidated so far. Studies by Mergler and Reinach et al. show that TRPs
are also expressed in corneal and conjunctival cell layers (8, 52-54) (Fig. 4).
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Figure 4: Localization of TRP channel expression in human corneal cell type layers. Corneal
epithelium: TRPV1/3/4, cannabinoid receptor 1 (CB1), TRPC4, TRPMS; corneal stroma: TRPV1,
TRPMS; corneal nerve fibers: TRPV1, TRPMS; corneal endothelium: TRPV1, TRPM8, TRPAL. [Image
kindly provided by S. Mergler (52)].

14



1.4 Characterization of TRPV1

TRPV1, also known as capsaicin (CAP)-receptor, is a subtype of the aforementioned
TRP family. Classically, TRPV1 as a pain receptor is mainly expressed in the
peripheral or central nervous system (55-60) including afferent corneal nerve fibers
(61, 62). Therefore, TRPVL1 is responsible for the perception of temperature (heat from
above 43 °C) as well as pain (especially from heat and spiciness) (55, 57, 63).
Pharmacologically, TRPV1 can be selectively activated by CAP (55), the main pungent
ingredient in hot chili peppers or by neurotoxin such as vanillotoxins (VaTxs), which
occur in the venom of the tarantula “Psalmopoeus cambridgei” (64). Furthermore,
TRPV1 can also be activated by pH reduction < 5.9 (63) as well as hyperosmotic
challenge (65-69).

Investigations by Belmonte et al. (70), Mergler (54), and Reinach (67) revealed that
the TRPV1 channel plays a central role in the pathogenesis of dry eye syndrome
(DES)/ dry eye disease (DED). DES is an ocular surface disease connected with loss
of homeostasis of the tear film and is one of the most common disorders in
ophthalmological practice around the world. Its prevalence in the world population
ranges between 6 — 34 %, with increasing tendency (71). In Central Europe, nearly 10
— 20 % of the population suffer from this disease (72). Women are more susceptible
than men and the prevalence is age related (73, 74). Typical symptoms are redness,
irritation, burning, and foreign body sensation. For the development of DES three main
factors are involved, which affect each other and constitute a so called circulus vitiosus

(Fig. 5).
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Figure 5: Schematic of the circulus vitiosus. Pathogenesis of DES with the three main factors and

their triggers. [Image modified by S. Mergler (75)].
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An unstable tear film caused by meibomian gland dysfunction (MGD) triggers DES
(72). Specifically, the MGD includes a disturbed formation and secretion of lipids by
the meibocytes, which are located in the eyelids. Notably, these lipids are essential for
stabilizing the tear film and protect it against pathogenic germs. Due to inappropriate
evaporation or aqueous deficiency (76) as well as impairment in corneal nerve
innervation (77), the tear production becomes reduced, leading to a hypertonic tear
film (78). The osmolarity of a healthy cornea is about 300 mOsM, whereas tear
hyperosmolarity is defined by a referent of 316 mOsM (79). Regarding DES, TRPV1
activation by hyperosmolarity is a crucial point in connection with Ca?* regulation, which
unleashes an intracellular signaling cascade resulting in the release of pro-
inflammatory cytokines such as IL-6 and IL-8 (67, 80). Furthermore, TRPV1 activation
elicits epidermal growth factor receptor (EGFR) signaling transduction pathways,
which in turn stimulate the activation of upstream mitogen-activated protein kinases
(MAPK) linked with inflammatory processes (67, 81). Previous studies also revealed
that injury-induced TRPV1 signaling is linked with TGF-B1-mediated
transdifferentiation of HCK cells into myofibroblasts, leading to corneal fibrosis and
opacification (82, 83).

1.5 L-carnitine

Carnitine, as a quaternary amino acid, occurs naturally in mammalian tissue with
relatively high concentrations in heart and skeletal muscle (84). Mammals are able to
generate carnitine by in situ biosynthesis using the amino acids methionine and lysine
(85-87) (Fig.6).

HO (@)
CHj
Hsc'_N-i-
CH3 OH

Figure 6: Chemical structure of L-carnitine. Carnitine is a water-soluble molecule and contains seven
carbon atoms. Its chemical structure is 3-hydroxy-4-N-trimethylaminobutyric acid. The molecule exists
in two stereochemical isomers - an active (L-carnitine) and an inactive form (D-carnitine). [Pettegrew et

al. (88)].
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It is involved in regulating the energy metabolism that is most known for mitochondrial
oxidation of long chain fatty acids for energy production (89, 90). Therefore, carnitine
enables the transport of these fatty acids into the mitochondria (91-93). Additionally, it
converts the glucose metabolism from glycolysis to glycogen storage, leading to
improvement of total glucose metabolism by increasing nonoxidative glucose disposal
(94, 95).

L-carnitine is transported into human corneal limbal epithelial cells (HCLEC) and
human conjunctival epithelial cells (HCJEC) by the carnitine/ organic cation transporter
(OCT), which is Na*-, energy-, time-, and pH-dependent (96). Under hyperosmotic
stress these transporters are upregulated (96). Moreover, Pescosolido et al. detected
lower carnitine levels in the tear film of dry eye patients and suggested that an
imbalance in the concentration of carnitine molecules may partly be responsible for
ocular cell damage from exposure to a hypertonic tear film (97). In this connection,
further studies have demonstrated that L-carnitine has an osmoregulatory function as
an osmoprotective agent against hyperosmotic stress, not only in human corneal
epithelial cells (HCEC) but also in HCJEC (69, 98-101). The usage of eyedrops
containing L-carnitine improves the common symptoms of dry eyes and also reduces
the associated conjunctival staining (101). Due to hyperosmolarity-associated
activation of TRPV1, Khajavi et al. demonstrated the reduction of hypertonic-induced
shrinkage of HCJEC through an interaction of L-carnitine with TRPV1 channels (69).
Furthermore, L-carnitine has also been shown to be capable of protecting human
retinal pigment epithelium (RPE) cells from H.O:-induced oxidative damage (102). As
a natural antioxidant, L-carnitine has shown potential to reduce stromal fibrosis (103).
Since TRPV1 is involved in corneal opacification, the influence of L-carnitine on the
TRPV1 activation in HCK is highlighted in this thesis.

1.6 Aims of research

The role of TRPV1 in connection with L-carnitine has recently been highlighted in
ocular surface cells including conjunctiva cells, but not in HCK so far. Based on
previous findings and the aforementioned phenomenon, this experimental study was

focused on HCK and was undertaken to:
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1. Characterize putative functional TRPV1 expression using three specific types
of activation mechanisms:
a) Physically by heat > 43 °C
b) Osmotically using hypertonic solution (450 mOsM)
c) Pharmacologically with 10 uM CAP
2. Investigate the effect of 1 mM L-carnitine on TRPV1-induced Ca?* influx in HCK.
3. Investigate the effect of 1 mM L-carnitine on TRPV1-induced increases in

whole-cell currents in HCK.

18



2. Materials and methods

2.1 Cell cultivation and preparation

Established SV40-transfected HCK cells were kindly provided by Zorn-Kruppa and
colleagues from the University Medical Center Hamburg-Eppendorf (Hamburg,
Germany) (104, 105). Generally, the cells were cultivated in an incubator at 37 °C, 95
% humidity and 5 % CO2, and were cultivated in T25 flasks. 1 — 3 days before
measurement, the cells had a final confluence of 60 — 80 %. For the cell passage, the
cells were washed two times with 10 ml calcium- and magnesium-free phosphate-
buffered saline (PBS). 1 ml accutase was used for detaching the cells from the flask
surface. After approximately 5 minutes of incubation, the integrity of the dissociated
cells (80 — 90 %) was confirmed by examining them under a light microscope. The
enzymatic reaction was stopped by adding 10 ml medium containing fetal calf serum
(FCS). To get a single cell suspension, the cells were pipetted gently up and down a
few times. After that, the suspension was centrifuged (800 U/min, 100 g) preferably in
a 15 ml tube for 5 minutes. Then, the supernatant was removed and the cells were
resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10 % FCS

and antibiotics (penicillin and streptomycin).

2.2 Chemicals and solutions

Supplements for cell culture and medium containing serum were purchased from
Biochrom AG (Berlin, Germany) or Life Technologies Invitrogen (Karlsruhe, Germany).
Accutase came from PAA Laboratories (Pasching, Austria) and fura-2/ acetoxymethyl
ester (fura-2/AM) from TOCRIS Bioscience (Bristol, UK). CAP was purchased from the
Cayman Chemical Company (Ann Arbor, Michigan, USA), while all other reagents

were received from Sigma-Aldrich (Deisenhofen, Germany).

Name of Stock Desired Desired Required

chemicals concentration concentration Volume volume
Fura-2/AM 1 mM (DMSO) 1uM 1ml 1l
CAP 100 mM (DMSO) 10 uM 10 ml 1l
L-carnitine 100 mM (water) 1 mM 1ml 10

Figure 7: Table of chemicals with their used concentration and volume.
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2.3 Optical fluorescence measurements

2.3.1 Fluorescent dye fura-2/AM

Fura-2/AM is a membrane permeable derivative, which was developed to allow for an
estimation of [Ca?*]i (106). Fura-2/AM, with specific photometric properties, has two
excitation wavelengths (340 and 380 nm) and one emission wavelength (510 nm)
(106). While Ca?*-saturated fura-2 is detected by 340 nm, Ca?*-free fura-2 can be
detected by 380 nm (106). Both fluorescence response signals are alternately
measured through alternation of the excitation between the wavelengths of 340 and
380 nm (106). The fluorescence ratio (faaonm/fasonm) Of these two fluorescence response

signals can be calculated, which correlates proportionally with changes in [Ca?*]i (106).

A == B

Figure 8: Fluorescence microscope image of fura-2/AM-loaded HCK cells. A: Fura-2/AM-loaded

HCK cells detected by 340 nm wavelengths (green stained by the software). B: Fura-2/AM-loaded HCK
cells detected by 380 nm wavelengths (red stained by the software). The emission wavelength was at
510 nm and was detected by a black and white camera (Olympus XM-10). The region of interest (ROI)
was selected for single cell analysis (cellSense Olympus Software, Hamburg, Germany). [Images by E.

Turan].

2.3.2 Fluorescence single cell calcium imaging

Cells are dependent on the regulation of their intracellular Ca?* levels for the controlling
of most of their important functions, from their origin at fertilization including muscle
contraction, neuronal transmission, cellular motility and growth until their demise in
apoptotic processes (107-110). Ca?*, as an ubiquitous second messenger, plays a
wide-ranging role in biological signaling pathways. It can affect the permeability and
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activate ion channels, resulting in signaling transduction or acting directly on other
effector proteins. In 1985, Roger Tsien and colleagues first established a highly
sensitive functional assay called fluorescence calcium imaging to investigate the
fluorescence-optic properties of cells, tissue or medium (106). This technique is used
to measure very small changes in [Ca?*].. In this study, fluorescence calcium imaging
was used to monitor time dependent changes in cytosolic free [Ca?*]i by measuring
changes in fura-2/AM fluorescence intensity in HCK cells. For this purpose, the cells
were cultivated on glass coverslips (15 mm diameter) and were placed in a culture
plate until they reached a semi confluent stage (= 60 — 80 %) (111). HCK cells were
preincubated with 1 uM fura-2/AM at 37 °C for 20 — 40 minutes and loading was
stopped with a Ringer-like (control) solution containing (in mM): 150 NaCl, 6 CsCl, 1.5
CacCl,, 1 MgCl,, 10 HEPES-acid, and 10 glucose with pH 7.4 (osmolarity = 300 mOsM)
(111, 112). Instead of potassium, cesium was used to suppress potassium
conductance (111). For the experiments using hypertonic challenge, 130 mM D-
mannitol (osmolarity = 450 mOsM) was added (69). The coverslips were placed in a
bath chamber containing the same solution on an inverted microscope stage (Olympus
BW50WI, Hamburg, Germany) connected to a digital imaging system (Olympus,
Hamburg, Germany) (111).

Figure 9: Setup of the fluorescence calcium imaging. Located at the Charité University of Medicine

— Campus Virchow Clinic, Department of Ophthalmology, Berlin, Germany. (1) Digital Olympus XM-10
camera, (2) coverslips on inverted microscope stage, (3) micromanipulator, (4) LED-Hub light source,

(5) Omicron controller, (6) computer with digital imaging software system. [Images by E. Turan].
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The calcium homeostasis (control baseline) should remain constant for 10 minutes and
was routinely checked before each experiment (111). Depending on the experimental
design, the measurements lasted between 5 and 10 minutes. The Life Science
fluorescence cell imaging software “cellSens” (Olympus, Hamburg, Germany), along
with a digital camera (Olympus XM-10), were used to alternatively gather and evaluate
fura-2-induced fluorescence signals (111). Fura-2/AM fluorescence was alternately
excited at 340 nm and 380 nm excitation wavelength and the emission was detected
at 510 nm wavelength every 500 ms (250 — 3800 ms exposure time) (106, 111). An
LED light source and specific filters (LED-Hub and software by Omicron, Rodgau-
Dudenhoven, Germany) were used for the fluorescence excitation wavelengths (111).
When a blocker was tested, cells were preincubated with the blocker for ~ 30 minutes
and all measuring solutions contained the blocker (111). The TIDA software by HEKA
electronics (Lamprecht, Germany) was used for evaluation (e.g., offsetting, drift
corrections, normalization). The experiments were performed in a shaded, windowless
room at a constant room temperature (= 22 °C). The results are shown as mean traces
faaonm/f3sonm £ standard error of the mean (SEM) (error bars in both directions), with n-
values which indicate the number of experiments per data point. The fluorescence
ratios were normalized (control set to 0.1) and averaged (with error bars).

2.4 Planar patch-clamp technique

In this thesis, a semi-automated planar patch-clamp setup was used (Port-a-Patch®
Nanion), as described by Bruggemann et al. in 2006 (113). First of all, 5 yl of the
internal solution (consisting of (in mM): 50 CsCl, 10 NacCl, 60 CsF, 20 EGTA, and 10
HEPES/ KOH (pH 7.2; osmolarity = 288 mOsmol)) was applied to the inside of the
microchip (114). Then, the microchip was screwed onto a chip holder and the
NanionControl software (Nanion Biotechnologies, Munich, Germany) was started.
Thereafter, 5 ul of the cell suspension was additionally added to the drop of
extracellular solution on the top of the chip. Subsequently, 5 ul cell suspension was
added. An automated suction was applied by a software-controlled pump to move a
single cell into the aperture of the microchip. The chip has a micro-opening of = 1 — 3
pum, corresponding to a resistance of 3 — 5 MQ to measure small ion channel currents.
When a cell attached to the chip opening, additional suction pulses were needed for a

cell-attached configuration and a seal enhancing solution was used shortly before. This
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led to a significant increase of the seal resistance. Due to the fragile properties of HCK
cells, breaking into the whole-cell configuration was easily achieved. PatchMaster
software version 2.5 for Windows (HEKA, Lambrecht, Germany) in combination with
an EPC10 amplifier were used for electrophysiological recordings, data acquisition,
and evaluation. To eliminate any possible contributions by voltage dependent Ca?*
activity, the holding potential (HP) was set to 0 mV for the entire experiment.
Additionally, a liquid junction potential of 4 mV was determined and subsequently
compensated for by the software (115). Cells with leak currents above 100 pA were
discarded. In the case of increasing leak currents, the measurement was interrupted,
and a new leak compensation was performed using the software so that
measurements could be continued. Time courses of whole-cell currents for 500 ms
were recorded using a voltage ramp protocol by voltage ramps ranging between -60
and +130 mV every 5 seconds (sweeps). The current density was determined to
consider different cell sizes and the corresponding membrane capacities. For the

normalization, the current capacity (pA) was divided by the cell membrane capacity

(pF) (current density pA/pF).

Extracellular solution
Cell membrane

Microchip

¥

Amplifier

Intracellular solution

e
c

Figure 10: Setup of the planar patch-clamp technique. A: The smallest patch-clamp setup in the
world (Port-a-Patch, Nanion, Munich, Germany) was used for this study, located at the Charité University
of Medicine — Campus Virchow Clinic, Department of Ophthalmology, Berlin, Germany. The patch-clamp
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equipment includes a microchip holder, two electrodes, a pump, an amplifier, and a computer [Image
by E. Turan]. B: Close-up image of the Port-a-Patch setup: (1) pre-amplifier/ head stage, (2) pump, (3)
chip holder, (4) intracellular electrode, (5) extracellular electrode, (6) microchip [Image by E. Turan]. C:
Close-up image of the microchip [Bruggemann et al. (113)]. The internal solution is applied to the inside
of the patch-clamp chip. D: Simplified illustration of the microchip technology [modified after
Bruggemann et al. (113)].

2.5 Statistical analysis

Excel (Microsoft 2010) was used for the evaluation of the first raw data. All plots were
generated using SigmaPlot software version 12.3 (Systat Software, San Jose,
California, USA) connected with an electrophysiology module (Systat, Bruxton). Bar
charts and statistical analyses were plotted with GraphPad Prism version 5. The
parametric Student’s t-test for paired data (p-values: two-tailed) was used if all data
passed normality tests (D‘Agostino and Pearson; Shapiro-Wilk; KS). Otherwise,
nonparametric tests were used (Wilcoxon matched paired tests for paired data or
Mann-Whitney for unpaired data). The values (error bars) shown in the graphs are +
SEM in both directions and probabilities of p < 0.05 (*) were considered as significant
(level of significance 5 %). The number of repetitions (n) is shown in brackets next to

the bars or mean traces.
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3. Results

3.1 Cell morphology of HCK

In this study, a cell model of HCK was used (designated HCK), which was established
by Zorn-Kruppa et al. (104). HCK are highly specialized corneal fibroblasts. Therefore,
their morphological characteristics are comparable with fibroblasts. Specifically, they
express a flattened phenotype with a prominent nucleus. Depending on the current cell
density, their cell structure and morphology change (Fig. 11). On the first day of cell
culturing, the HCK cells used for this study appear as small round cells isolated from
each other. Over the course of few days, the HCK cells show a more elongated shape
and semiconfluent cell growth in smaller groups. They exhibit branches, leading to
networks of connecting cells (Fig. 16A). During their exponential growth, the cell
density increases and the cells transform into a rounder phenotype. If the cells are

migrating, they arrange themselves again into parallel elongated shapes (Fig. 16B).

Figure 11: Light microscopic image of a HCK cell suspension. A: Recently prepared HCK cells.

Image taken on the first day of cell culturing; scale bar = 200 pm [image by E. Turan]. B: HCK cells at
higher density. Photo taken on day 3 of cell culturing; grid distance = 100 um [image kindly provided by
Mergler et al.]. For measuring, the cells should have a final confluence of 60 — 80 %, which was

approximately assessed under a light microscope.
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3.2 Calcium Imaging measurement results in HCK

3.2.1 L-carnitine reduces heat-induced TRPV1 activation

At first, heat > 43 °C was used to activate TRPV1. After heating, a transient increase
of faaonm/fzsonm from 0.1002 + 0.0003 (100 s) to 0.1971 + 0.0068 (300 s) (p < 0.0001, n
= 205) was achieved (Fig. 12A). To investigate the L-carnitine effect, the prior
experiments were repeated in the presence of 1 mM L-carnitine. As a result, the
fa4onm/fasonm ratio only increased from 0.09827 + 0.0004 (100 s) to 0.1289 + 0.0047 (300
s) (p <0.0001, n = 33) (Fig. 12B). Therefore, a heat-induced Ca?* increase was clearly
suppressed by L-carnitine (from 0.1971 + 0.0068 to 0.1289 + 0.0047, p < 0.0001) (Fig.
12C).
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Figure 12: L-carnitine reduces heat-induced increases of intracellular Ca?* concentration in HCK.
A: Constant Ca?* baseline of non-treated control cells (n = 9). Heating above 43 °C induces an increase
in Ca?* influx (n = 205). B: The same experiment as shown in (A), but in the presence of 1 mM L-
carnitine. L-carnitine reduces the heat-induced Ca?* increase (n = 33). C: Summary of the experiments
with heat in presence of vs. without L-carnitine. The asterisks (*) represent significant increases in [Ca?*];
with heat (t = 300 s; n = 205; p < 0.0001; paired tested) compared to control (t = 100 s, n = 205). The
hashtags (#) designate statistically significant differences in the fzaonm/fasonm ratio between heat without

and with L-carnitine (t = 300 s; n = 33 - 205; p < 0.0001; non-paired tested). [Turan et al. (103)].
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3.2.2 L-carnitine reduces hypertonic-induced TRPV1 activation

The same experiment was repeated with a hypertonic solution of 450 mOsM to activate
TRPV1, based on an increase of the fzaonm/fssonm ratio. More specifically, the fzaonm/fagonm
ratio increased from 0.1002 + 0.0001 (100 s) to 0.1105 + 0.0014 (300 s) (p < 0.0001,
n = 55) (Fig. 13A). Additionally, an inhibitory effect of L-carnitine was also clearly
demonstrated on hypertonic-induced Ca?* influx. While the hypertonic challenge
without L-carnitine increased, the fzaonm/f3gsonm ratio in the presence of 1 mM L-carnitine
remained nearly unchanged, since its values varied from 0.1001 = 0.0001 (100 s) to
0.09983 + 0.0003 (300 s) (n = 73) (Fig. 13B). All in all, the fz4onm/fzsonm ratio transiently
declined from 0.1105 + 0.0014 to 0.09983 + 0.0003 (p < 0.0001) (Fig. 13C).
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Figure 13: L-carnitine reduces hypertonic-induced increases of intracellular Ca?* concentration
in HCK. A: Constant Ca?* baseline of non-treated control cells (n = 13). Hypertonic challenge (450
mOsM) induces an increase in Ca?* influx (n = 55). B: The same experiment as shown in (A), but in the
presence of 1ImM L-carnitine. L-carnitine distinctly suppresses the hypertonic-induced Ca?* increase (n
= 73). C: Summary of the experiments with hypertonicity in the presence of vs. without L-carnitine. The
asterisks (*) show significant increases in [CaZ*]i with hypertonicity (t = 300 s; n = 55; p < 0.0001; paired
tested) compared to control (t = 100 s, n = 55). The hashtags (#) designate statistically significant
differences in the fasonm/fasonm ratio between hypertonic challenge without and with L-carnitine (t = 300 s;
n =55 - 73; p <0.0001; non-paired tested). [Turan et al. (103)].
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3.2.3 L-carnitine reduces CAP-induced TRPV1 activation

Finally, the effect of CAP on TRPV1 activity was evaluated. Consequently, 10 uM CAP
also clearly increased the fzaonm/fasonm ratio from 0.1004 + 0.0001 (100 s) to 0.1161 +
0.0031 (270 s) (p < 0.0001, n =55) (Fig. 14A). Furthermore, L-carnitine had a similar
inhibitory effect on CAP-induced TRPV1 activation. In HCK cells preincubated with 1
mM L-carnitine, 10 uM CAP failed to induce a sizable Ca?* transient. Specifically, the
faaonm/f3sonm ratio slightly increased from 0.09935 + 0.0002 (100 s) to 0.1006 + 0.0002
(270 s) (n = 55) (Fig. 14B). In addition, the L-carnitine induced effect on CAP was at
significantly lower levels compared to the measurements undertaken without L-
carnitine (0.1161 + 0.0031 vs. 0.1006 + 0.0002, p < 0.0001, n = 55) (Fig. 14C).
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Figure 14: L-carnitine reduces CAP-induced increases of intracellular Ca?* concentration in HCK.
A: Constant Ca?* baseline of non-treated control cells (n = 9). 10 uM CAP induces an increase in Ca?*
influx (n = 55). B: The same experiment as shown in (A), but in the presence of 1 mM L-carnitine. L-
carnitine distinctly suppresses the CAP-induced Ca?* increase (n = 55). C: Summary of the experiments
with CAP in the presence of vs. without L-carnitine. The asterisks (*) designate significant increases in
[CaZ*]i with CAP (t = 270 s; n = 55; p < 0.0001; paired tested) compared to control (t = 100 s, n = 55).
The hashtags (#) show statistically significant differences in the fasonm/fasonm ratio between CAP without
and with L-carnitine (t = 270 s; n = 55 - 55; p < 0.0001; non-paired tested). [Modified after Turker et al.

(111)].
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3.3 Planar patch-clamp measurement results in HCK

To ascertain whether there is a correspondence between calcium imaging data and
underlying ionic currents measured with the planar patch-clamp procedure, the
corresponding effects of CAP were evaluated in the presence and absence of carnitine

on whole-cell current behavior in HCK (Fig. 15).

3.3.1 CAP increases whole-cell currents

Whole-cell currents were determined by measuring time-dependent current changes
and evaluating the plots of the corresponding current voltage relationships at the
labeled time points: A, B and C (Figs. 15A, 15B). At negative potentials of -60 mV, 10
UM CAP increased the inward currents from -11 + 4 pA/pF to -32 + 13 pA/pF (n = 7)
(Fig. 15C). Similarly, the voltage step from 0 mV to -60 mV increased the maximal
inward current amplitudes to -66 + 32 % of control (control set to 100 %) (n =7, p <
0.005) (Fig. 15D). The same applies to the outward currents at positive potentials of
+130 mV. CAP (10 puM) activated typical TRPV1-like outwardly rectifying currents (Fig.
15B). More specifically, the outward currents significantly rose from 172 + 71 pA/pF to
281+ 117 pA/lpF (n =7, p <0.05) (Fig. 15C). Additionally, the maximal outward current
amplitudes induced by a voltage step from 0 mV to +130 mV increased to 173 + 13 %
of control (control set to 100 %) (n =7, p <0.01) (Fig. 15E). The reversal potential was
continuously around 0 mV, which is indicative of non-selective ion channel behavior.
In conclusion, the functional expression of TRPV1 in immortalized HCK cells was

confirmed, which is in line with a previous study (103, 111).

3.3.2 L-carnitine reduces CAP-induced whole-cell currents

As shown in Figure 15, L-carnitine suppressed CAP-induced increases of whole-cell
currents, which are elicited by a voltage step from -60 mV to +130 mV. CAP (10 pM)
increased both the in- and outwardly rectifying currents, whereas these currents were
suppressed in the presence of 1 mM L-carnitine (n =7, p < 0.05) (Fig. 15A, 15B, 15C).
More specifically, inward current density was significantly suppressed from -32 + 13

pA/pF to -11 £ 6 pA/pF (n = 7, p < 0.05), as was the case in outward current density
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which was suppressed from 281 + 117 pA/pF to 225 + 109 pA/pF (n=7, p < 0.05) (Fig.
15C). Furthermore, the maximal inward current amplitudes significantly decreased to
112 + 16 % of control (control set to 100 %) (n = 7, p < 0.005), induced by a voltage
step from O mV to -60 mV (Fig. 15D). The maximal outward current amplitudes induced
by a voltage step from 0 mV to +130 mV significantly declined to 108 + 12 % of control
(control set to 100 %) (n = 7, p < 0.01) (Fig. 15E). Overall, L-carnitine had a
corresponding inhibitory effect on both TRPV1-induced whole-cell currents and

increases in intracellular Ca2* levels in HCK.
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Figure 15: L-carnitine reduces CAP-induced increases of whole-cell currents in HCK. A: Time
course recording of the currents. 10 uM CAP induces current increases, whereas application of 1 mM
L-carnitine suppresses the current increase. B: Original traces of current responses to voltage ramps
shown before application (labeled as A), during application of 10 uM CAP (labeled as B), and after
adding 1 mM L-carnitine (labeled as C). C: Summary of the patch-clamp experiments with CAP in the
presence of vs. without L-carnitine. The asterisks (*) designate statistically significant differences of
CAP-induced increases of whole-cell currents without and with L-carnitine (n = 7, p < 0.05; paired
tested). D: Maximal inward current amplitudes induced by a voltage step from 0 mV to -60 mV are shown
as percentage of control values before application of 10 uM CAP (control set to 100 %). 1 mM L-carnitine
clearly suppressed CAP-induced inward currents. E: The same diagram as shown in (D), but related to
maximal outward current amplitudes induced by a voltage step from 0 mV to +130 mV. [Turan et al.

(103), modified after Turker et al. (111)].
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4, Discussion

4.1 Analysis of HCK cell morphology

The HCK cells used for this study stem from a SV40-immortalised keratocyte cell line
(named HCK) isolated from human eye bank donor material (104). Zorn-Kruppa et al.
established a three-dimensional human corneal equivalent construct, which serves as
an in vitro model for eye irritation, toxicity, and drug efficacy testing (104). In contrast
to primary human cells, HCK cells via S40 transfection have a permanent lifetime
without any significant differences in morphology and proliferative behavior to those
displayed by non-transformed cells (104). Therefore, they represent an appropriate
research tool for the ophthalmic science community (104). Since this cell line
expresses typical biomarkers of primary cultures of HCK (111), the results obtained
with the immortalized HCK cells have physiological relevance. Notably, in a scratch
wound assay, the cells lose their close formation and transform into a more elongated
shape as they migrate and reconnect with other cells (Fig. 16). Accordingly, these
observations of their migratory behavior reflect their important role in mediating the
wound healing response to injury.

Figure 16: Growth pattern of SV40-immortalized HCK cells. A: HCK cell suspension at lower density
showing morphology and growth behavior of HCK cells, passage 49; scale bar = 50 um. B: Scratch-
assay showing form formation and cell migration of HCK cells; grid distance = 100 um. [Images kindly
provided by Mergler et al.].
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4.2 TRPV1 expression and functional relevance

At present, there are clear indications that TRPV1 has a pathophysiological
significance not only in dry eyes (116) but also in responding to a corneal injury (117)
and other connected diseases, e.g., with diabetes (118). Specifically, the cell type in
which TRPV1 is expressed is crucial. In general, TRPV1 is typically expressed in
excitable cells such as in neurons of corneal nerve fibers since TRPV1 is a heat and
pain receptor (119). Notably, the cornea is the most sensitive human tissue of the
human body with 7000 pain receptors per mm?in its nerve fibers, which is 300 — 600
times larger than the receptor density in the dermis (10). In contrast, TRPVL1 is also
expressed in corneal epithelial cells and fibroblasts, which are in close proximity to the
corneal nerves (68). Notably, the functional expression of TRPV1 in HCK was

confirmed in this thesis based on responses known to be induced by TRPV1 activation.

At first, heat was used to activate temperature sensitive TRPs (thermo-TRPS) as
described in a previous study of HCK (111). Firstly, the Ca?* influx increased by raising
the temperature above 43 °C (Fig. 12A), which corresponds to TRPV1 activation as
shown in human corneal epithelial cells (HCEC) (68). Despite the fact that under
physiological circumstances, temperatures around this range do not occur in the
human cornea, 43 °C is the temperature threshold for activating TRPV1 and evoking
pain sensation (55, 63). The heat induced Ca?* transients are similar to those
measured in human corneal endothelial cells (HCEC-12) (51) as well as epithelial cells
(68). Compared with studies investigating functional expression in immortalized
pterygial epithelial cells (hPtEC), inducing TRPV1 activation by a thermal stress led to
a continuously larger intracellular Ca?* increase than in HCEC or HCK and showed a
lack of recovery (120). This difference in Ca?* response suggests a possible
association between hyperplastic or cancerous tissue and increases in functional
TRPV1 activity as a consequence of increased Ca?* influx (120). Since TRPV1
activation also maintained inflammation response through the MAPK signaling
pathway (81, 121), its modulation may be a potential drug target to suppress

inflammatory as well as proliferative processes.

Secondly, another possibility to activate TRPV1 is to use hypertonicity, which has been
demonstrated in HCEC (67). Notably, the same phenomenon was also observed in
HCK. Specifically, exposure to a hyperosmotic solution of 450 mOsM raised the Ca?*

influx in HCK (Fig. 13A) similarly to measurements performed in HCJEC (69). Since the
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stroma is not directly connected with an increased osmolarity of the tear film inducing
TRPV1 activation in connection with dry eyes (116), the role of this kind of activation
mechanism in HCK remains so far unknown. Therefore, two parameters are relevant,
namely pain processing in corneal nerves and the putative release of pro-inflammatory
cytokines in the stroma. Viewed clinically, this may be relevant if the corneal epithelium

is fully damaged (e.qg., after corneal injuries, epithelial ulceration, herpetic infection).

Finally, TRPV1 can also be pharmacologically activated by CAP (122), as shown in
human corneal fibroblasts (HCF) (123) and HCK (111) (Fig. 14A), which is comparable
with the CAP-induced Ca?* response in HCEC (81). A similar study using human
corneal endothelial cells (HCEC-12) with 20 uM CAP led to larger Ca?* transients than
in HCK (51). Here, the concentration of CAP may be a responsible factor for the various
increases, since Lucius et al. demonstrated that 20 uM CAP induced a larger Ca?*
influx than 5 uM CAP (124).

Furthermore, this study showed that CAP had corresponding stimulatory effects on the
whole-cell currents and rises in intracellular Ca?* levels in HCK (Fig. 15). Similar
agreements were reported in other ocular cell types like HCEC (68, 81), HCEC-12 (51),
HCJEC (69, 120), HCF (123), and hPtEC (120). TRPV1-like currents are non-selective
ion channels with an outwardly rectifying current component and a reverse potential of
0 mV (112). The CAP-induced inward currents represent the Ca?* influx, which is
attributable to a Ca?* free internal solution and a high Ca?* concentration in the external
solution establishing a large inward-directed Ca?* electrochemical gradient. This
assumption can be affirmed, since CAP is a highly specific activator of TRPV1 (122),
which is a non-selective cation channel (122) and CAP-increased currents persisted
even though chloride (CI") was replaced by gluconate (68). The small outward currents

under control conditions are probably anion channel currents (CI- currents).

Overall, functional TRPV1 expression in HCK was clearly demonstrated in this thesis,
which is in line with the aforementioned in vitro electrophysiological studies in ocular
surface cells (reviewed in (52)). In 2015, an isoform of TRPV1, the so called deltaN-
TRPV1, was identified in the brains of osmoregulating vertebrates (125). Furthermore,
this TRPV1 channel subtype is different than the one identified in this study, since CAP
always led to a clear TRPV1 activation response in HCK, whereas in the brain, CAP
failed to induce a Ca?* transient (125). This difference suggests that the deltaN-TRPV1
channel is not expressed in HCK.
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Figure 17: Chemical structure of CAP. CAP is a relatively hydrophobic alkaloid and the main active
ingredient of chili peppers (126). It can specifically activate the heat-sensitive TRPV1 ion channel by
bonding at the helices S2-S4 (127). Therefore, pure capsaicin is a highly pungent irritant for mammals
and causes a sensation of pain and burning. The CAP molecule can be divided into three functional
groups: substituted aromatic head region/vanillyl group, dipolar amide-bond region, and hydrophobic
tail region. [Chapa-Oliver et al. (128)].

4.3 Effect of L-carnitine on TRPV1 activity

Since L-carnitine is contained in some artificial eye drops (e.g., Allergan, Optive) and
provides symptomatic relief in dry eye patients (98, 129-132), its therapeutic potential
has gain increasing attention. Moreover, previous studies have documented that some
of the symptomatic relief is caused by L-carnitine inhibiting the hyperosmolarity-
induced MAPK signaling pathway (133-136), which leads to proinflammatory cytokine
release (67, 81). Although, there are indications that L-carnitine is an osmoprotectant
and TRPV1 inhibitor (69, 129-132, 135, 136), the effect of L-carnitine has not been
investigated in HCK cells so far. In this study, however, the previous findings of L-
carnitine in HCK were also confirmed. Figure 18 illustrates the inhibitory effect of L-
carnitine on different TRPV1 channel activation pathways.

Notably, L-carnitine was even able to significantly decrease the TRPV1 activation
induced by a temperature rise above 43 °C, which is the typical activation temperature
for TRPV1 (57) (Fig. 12B). Heat is a relatively nonspecific factor that also induces
denaturation of proteins and catalyzes enzymatic reactions. Nevertheless, L-carnitine
was able to suppress at least partially heat-activated TRPV1 (Fig. 12C). Application of
eye bandages increases the corneal temperature, consequently leading to pain and
changed enzyme activities (137). This partial decline in TRPV1 activity suggests that
L-carnitine supplementation may have a protective effect against increases of

intracellular Ca?* levels induced by temperature rises in HCK cells.
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Furthermore, exposure to L-carnitine inhibited both hypertonic- and CAP-induced rises
in Ca?*influx in HCK (Figs. 13B, 14B), in contrast to the measurements performed in
HCJEC (69). More specifically, Khajavi and colleagues found that preincubating HCJEC
with L-carnitine reversed a rise in [Ca?*]i below the control level induced by either CAP
or hypertonic challenge (69). This phenomenon confirmed L-carnitine involvement in
osmotic-induced corneal and conjunctival epithelial shrinkage through its uptake by a
Na* dependent co-transporter (138). Since the rise of [Ca?*]iin the presence of L-
carnitine remained at a control level in this study, it is possible that L-carnitine did not
induce an osmoregulatory response through suppressing TRPV1 function in HCK.
Therefore, more studies are necessary to investigate the transport mechanism of L-

carnitine in corneal stroma including HCK.

Additionally, L-carnitine also clearly suppressed CAP-induced increases of whole-cell
currents in HCK (Fig. 15). This is comparable to those elicited by L-carnitine in HCJEC
(69) as well as by the TRPV1 antagonist capsazepine (CPZ) in human uveal melanoma
cells (139), HCEC-12 (51), HCF (123), HCJEC (120), and hPtEC (120).
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Figure 18: Simplified scheme of the L-carnitine effect on different TRPV1 channel activation
pathways. TRPV1 (capsaicin receptor) can be selectively activated by CAP, heat above 43 °C, and
hypertonic challenge. All three different TRPV1 activation mechanisms can be suppressed by L-

carnitine, which leads overall to reduced intracellular Ca?* concentration. [Image by S. Mergler (103)].
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4.4 Clinical relevance and future perspective

Since the cornea has most of the refractive power in the eye, loss of corneal
transparency is a leading cause of blindness. Increased tear osmolarity correlates with
ocular surface damage and is associated with the inflammation processes
demonstrated in in vitro HCEC culture models (78, 80, 81, 140), as well as in studies
using mice models inducing dry eyes by systemic administration of scopolamine and
exposure to an air draft (141-143). Since TRPV1 can be activated by hyperosmolarity
and its activation induces inflammatory cytokine release through MAPK signaling
pathways (81), this channel fits exactly into the DES pathophysiology. Moreover,
increased levels of proinflammatory cytokines (IL-1 and TNFa) as well as MMPs
(MMP-3 and -9) have been observed in the tear fluid of DES patients (144-147), which
also confirms and supports the exceptional role of TRPV1. Additionally, the MMP family
have been recognized as the enzymes involved in further ocular surface diseases
including wound healing, corneal ulceration etc. (148-151). Therefore, TRPV1
activation seems to not only affect the corneal epithelium but also deeper tissues
including the corneal stroma. In this context, investigations of TRPV1 modulation also
plays an important role in corneal stroma cells like HCK. This is why novel promising
approaches are being targeted to selectively inhibit injury or infection-induced TRPV1
activity — which otherwise induce inflammation, pain-related symptoms, stromal fibrosis

etc. — in order to prevent corneal transparency losses.

One such inhibitory agent is L-carnitine, which may reduce pain processes as well as
the release of pro-inflammatory cytokines (129-136). Clinically, carnitine is
neuroprotective (152, 153) and has been widely recommended as a supplement to
treat cardiovascular and other diseases (154-157). In this context, L-carnitine not only
plays a role in preventive medicine, but also in ocular pathologies such as DED (97),
cataracts (158) or retinopathy (159). The neuroprotective aspect of L-carnitine may
also be beneficial in the pathophysiology of neurotrophic keratopathy (NK). NK is a
degenerative corneal disease based on corneal innervation impairment. In 2018, Dua
and colleagues released an updated definition of NK, namely: “NK is defined as a
disease related to alterations in corneal nerves leading to impairment in sensory and
trophic function with consequent breakdown of the corneal epithelium affecting health
and integrity of the tear film, epithelium and stroma“ (77). Various factors are able to
cause trigeminal nerve damage leading to NK - the most common are herpetic

infections (160) and neuro-ophthalmic surgical procedures (161). In the cornea,
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epithelial cells and keratocytes secrete neurotrophic factors such as nerve growth
factor (NGF) (162), which in turn promotes the regeneration of the corneal nerves (163,
164) and modulates corneal wound healing (165). Due to the fact that the corneal
innervation is responsible for corneal epithelial regeneration as well as tear secretion,
a disruption in corneal innervation has adverse effects on both functions. While stage
1 (mild) of NK exhibits ocular surface irregularity and vision reduction, stage 2
(moderate) indicates a nonhealing persistent epithelial defect, and stage 3 (severe)
shows corneal ulceration involving subepithelial (stromal) tissue, possibly leading to
corneal perforation (77). Therefore, further studies are necessary to investigate, on the
one hand, the preventive use of L-carnitine (e.g., before/during surgical treatment), and
on the other, the therapeutic approach using L-carnitine regarding pain reduction and

corneal sensation.

However, additional studies have shown that the conversion of keratocytes and
fibroblasts into terminally differentiated myofibroblasts induced by TRPV1 activation
results in the obstruction of stromal organization. Consequently, this terminated in
normal vision impairment (33, 67, 81, 117, 166, 167). Preliminary studies have shown
that blocking TRPV1 suppressed stromal fibroblast transdifferentiation into
myofibroblasts as well as TGFB1 expression in cultured keratocytes or ocular
fibroblasts. This demonstrates the importance of TRPV1 function in mediating wound
healing processes (82, 166, 168). In this context, studies on the loss of TRPV1 function
demonstrated wound healing impairment of stromal incision in mice, based on less
alpha-smooth muscle actin (aSMA) upregulation, fewer differentiated myofibroblasts
at the wound edge as well as less activated TGF( expression (82, 166, 168).
Additionally, it was shown that L-carnitine slightly decelerated HCK cell migration over
a period of 8 hours and delayed wound closure after 24 hours, which supports the
inhibitory effect of L-carnitine on TRPV1 (103).

Apart from in vitro studies showing a link between L-carnitine and TRPV1 (69, 103,
111), there are no clinical studies focusing on the effect of L-carnitine either in
concomitant TRPV1 silencing or the suppression of TRPV1-induced release of
proinflammatory cytokines. Certainly, L-carnitine is not the only agent with an
antagonistic TRPV1 function. There are also other possibilities to inhibit TRPV1
activation, which may be developed for therapeutic use. TRPM8, also known as

menthol or cold receptor, which can be activated by thyronamine (3T:AM) or Borneol,

37



is able to inhibit TRPV1 through crosstalk (124, 169-172). Therefore, further studies
are necessary to characterize the functions of these agents more specifically and also
regarding their interactions as well as side effects. For example, Borneol is known to

have adverse effects in the mouse brain (116).

All these findings affirm the estimation that L-carnitine may be an important therapeutic
agent for improving the outcome of inflammatory and fibrogenic wound healing through
TRPV1 suppression in HCK. Therefore, further clinical studies are necessary to
investigate the clinical application of L-carnitine into the different corneal layers as well
as L-carnitine transporters into deeper corneal cell layers in the stroma and the

endothelium.

4.5 Limitations

4.5.1 Cell culture handling

Despite the fact that the longevity of suspended cells can be improved by careful
handling, the cell preparation was performed under non-physiological conditions. The
experiments took place at room temperature, whilst according to the manufacturer
Nanion’s guidelines, HCK cells achieve their optimal activity at 37 °C, 95 % humidity
and 5 % CO2 (113, 114). Instead of trypsin, as described in the guidelines, accutase
was used for detaching the cells from the flask surface. In contrast to trypsin, which
may damage the cell membrane if the incubation time is too long, accutase is self-
digesting and does not significantly affect the proliferation and viability rate of the cells
(173). Additionally, the cells were exposed to environmental influences, for example
changing temperatures (from the incubator to room temperature) or mechanical stress
because of pipetting. Therefore, every step of the cell handling could have stressed
the cells and affected the measurements. Damaged or dead cells could not be fully
excluded during the measurements. This can affect the results and also has to be
considered. Lastly, there is a relevant disparity between in vitro and in vivo conditions.
Cell cultures are a simplified representation of reality, whereby the exactness of a
simulation of physiological in vivo conditions is limited. On the other hand, the cultured
HCK cells represent an established cell culture model from a SV40-immortalised
corneal cell line (104). Irrespective of that, hypertonic and CAP-induced TRPV1
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activation was demonstrated at different cell passages (data not shown), indicating a

stable cell line.

45.2 Technical limitations

The rapid progress in the technical development of established measuring methods
such as fluorescence calcium imaging and patch-clamp technique has rapidly
improved over the years. However, their limited informative value has to be considered
and discussed. Despite the highly sensitive functionality of these measures, relatively
high data scattering occurred, due to a more or less poor signal-to-noise ratio. Despite
creating equal framework conditions for all calcium imaging measurements, slight
growth differences and measuring variations occurred in the baselines. On the one
hand, cell stress can be caused by the adaptation of the cells to room temperature and
on the other, by the transport into the coverslips as well the pipetting procedure.
Furthermore, spontaneous Ca?* release from intracellular organelles such as
endoplasmic reticulum induced spikes during the measuring of the baseline. Some
bleaching problems during the calcium imaging measurements were more or less

compensated for by the TIDA software for drift correction.

In this thesis, the semi-automated planar patch-clamp technique described by
Bruggemann et al. in 2006 was used instead of the conventional patch-clamp
technique described by Hamill in 1981 (174) (Fig. 19). In contrast to the conventional
patch-clamp, where the pipette penetrates into the cell, a software-controlled pump
draws a single cell to a microchip opening. This chip has a micro-opening of = 1 — 3
pm and a resistance of 3 -5 MQ, which was required for the recordings. The resistance
of the microchip corresponded to that of a patch pipette for whole-cell recordings.
Whilst the conventional method requires experimental skills, the planar patch-clamp
technique overcomes these limitations. Nonetheless, even the modernized planar
patch-clamp device has some limitations. Leak currents were a regularly occurring
interfering factor. They can occur at high levels, when the cell is not well-connected on
the microchip, and can negatively influence the ion channel currents. Although the leak
currents were compensated for by the PatchControl software, several seal problems
occurred because these currents can change during the measurement. Recordings

with unstable seals and leak currents above 100 pA were discarded from the data

39



evaluation. Another limiting factor was resistance series (Rs) values of above 30

MOhm caused by a blocked microchip-opening.

Figure 19: Simplified presentation of classical and planar patch-clamp technique. (A) Schematic
and microscopy image of the conventional patch-clamp technique. The tip of the glass pipette is filled
with electrolyte solution and is positioned on a cell using an x,y,z micromanipulator and a binocular
microscope. (B) Schematic and microscopy image of the semiautomated planar patch-clamp technique.
Cells in suspension are positioned onto the aperture by a software-controlled application of suction.

Neither microscope nor micromanipulator are needed. [Bruggemann et al. (113)].

Interestingly, there are outward currents under control conditions indicating that there
are active ion channels. This may be TRPs, since they are at least partially active at
room temperature. However, anion channel currents could not be excluded.
Specifically, these currents were most likely induced by negative ions such as CI
contained in both intra- and extracellular solutions. However, similar studies on HCEC
revealed that a replacement of sodium chloride by sodium gluconate did not change
the outward current amplitudes, suggesting that any ClI- currents are probably also
insignificant in HCK (68).

Despite the aforementioned confounding factors, the numerous repetitions of the
experiments show a clear and significant tendency, which were similar to other studies
using L-carnitine as a TRPV1 inhibitor (69, 103, 111).
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